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Based on the results from pre-project and work covered by this thesis, no better alternatives to AISI 
4130 material was found, neither could it be safely concluded for removal of NACE MR0175/ISO 15156 
requirements in any parts of high-pressure drilling fluid system.  Since AISI 4130 has shown to be the 
optimal choice for the system, it was decided to look for improvements of welding procedure by 
optimization of post weld heat treatment for this steel. 
 
Heat treatment is an expansive and time-consuming procedure that, if not done correctly, could 
weaken the material and jeopardize the safety of the system. In this thesis, whith the help of 
theoretical research, experimental heat treatment and microscopy an optimal temperature of 650 °C  
with holding time of 150 minutes were proposed for PWHT of AISI 4130 steel pipes.  
 
It is further suggested to look into increasing of preheating and interpass temperature to maximum 
allowed value of  250 °C, which is expected to reduce cooling rate, allowing for less brittle and tougher 
material structure. 
 
This thesis includes preparation and examination of test pieces, including hardness test and 
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During the work on pre-project for this thesis, central parts of theory behind the deepwater drilling 
process was collected and formed a good theoretical base for further optimization steps for the high-
pressure mud1 system. During the pre-projects a possibility of reduce the wall thickness from schedule 
XXS to schedule 160 for 10.000 psi pipes was uncovered. That step will reduce the weight by 17% - 
27% (depending on pipe dimension) and the amount of welding time. It is was desided to implement 
this reduction in next revision of the piping specification.  
 
A good foundation was laid for further consideration of duplex steel as an alternative material for mud 
system and the possibility of avoiding NACE MR0175/ISO 15156 requirements. Answer on which is 
included in this thesis. 
However, clarification of whether NACE MR0175/ISO 15156 requirements can be lifted for parts of 
the drilling fluid system and whether Duplex is a better material choice is relatively small parts of this 
work, and thereby not included in the main body of this thesis but clarification around those tasks 
was assigned the whole chapter 8. 
 
Main task 
The main task of this thesis is to discuss and propose optimal conditions for post weld heat treatment 
of welded AISI 4130 pipe that is used in hydrogen sulfide contaminated services. Secondary tasks were 
to look into Duplex steel as an alternative to AISI 4130 and possibility of avoiding the mandatory 
requirements of NACE MR0175 / ISO 15156 for hydrogen sulfide contaminated service (sour service) 
for parts of high-pressure drilling fluid system. 
 
Collaborators 
This work is done in cooperation and on behalf of MHWirth at faculty of engineering and science of 
Agder university as a thesis for master of “Civil and Construction Engineering”. The task was defined 
by the company based on the needs of Piping and Layout department. 
 
Notes to the rapport structure 
For establishing of good overview and readability, we try not to mix the main and secondary tasks and 
separate the chapters accordingly. Since secondary tasks did not require a lot of effort, because the 
most of related work was done during the preliminary part for this thesis, those tasks were discussed 
and concluded on in just one chapter, chapter 8. 
 
  
                                                          
1 Mud – drilling fluid 




2 Social Perspective 
 
Weld defects are one of the main causes for the failure of piping systems. Which are often caused by 
too high or insufficient heat input, fast cooling rates or wrong post weld heat treatment. In addition to 
health and safety issues, failure of high-pressure drilling fluid system can put a hold on the hole drilling 
operation forcing site workers out of work, delays the start of the production process and generates 
expansive repair costs. Every day of such a delay cause millions of dollars for the drilling company and 
thereby demanding the risk of poor welding joints brought to a minimum during the design phase.  
 
Based on petroleum design and engineering 
company, Viking Engineering, 19 % of pipe body 
failures is the material deficiency, which is 
caused by a lack of fusion from welding, poor 
tempering, or quenching cracks.  
 
In addition to material deficiency, poor welding 
could be a part of the combination, fatigue, 
corrosion or unknown reasons that altogether 
make up over 50% of failure causes. 
 
Understanding the failure modes is an 
important part of a process that ensures the 
soundproof design and allows for as expected 
performance of the system, lowering thereby 
the in operation risks.  
 
In this work, we are looking into material 
reaction on different heat effects and suggest 
the heat treatment conditions for the optimal 
performance and safety of welded joints. 
  
Figure 1, Pipe body failures vs. causes 
Copied from www.vikingeng.net, Article: Common failures in onshore oil 
and gas wells.  
 




3 Theory on Drilling Fluid 
 
This theory chapter includes only the theory around drilling fluid that is considered important for a 
comprehensive understanding of this thesis. Readers that are not familiar with the drilling process are 
especially encouraged to absorb this theory chapter before further reading. 
 
Main parts of this chapter are the theory behind circulation and composition of the drilling fluid and 
hydrogen sulfide damage mechanisms. 
 
 Drilling fluid (DF) 
 
Drilling fluid (further noted with abbreviation: DF), also called Mud, is complex multicomponent viscous 
fluid that aids the drilling of wells and is one of the main and necessary components in deep drilling 
processes. 
 
Main functions of drilling fluid are cooling and lubrication to prevent overheating of the drill bit, 
removal of cuttings from the well by carrying them up to the surface and providing of hydrostatic 
pressure to prevent blowouts. 
 
There are three main categories of drilling fluid, used for deepwater drilling: Water Based Mud (WBM), 
Oil Based Mud (OBM) and Completion fluid. 
 
Water-based mud uses water as its main component that is mixed up with clay and other chemicals. 
Because of danger that water can be absorbed by the formation, WBM is often only used in the top 
part of the well that is protected by a casing. Oil Based Mud is the most pollutant drilling fluid but also 
the safest one to use in deepwater drilling. It is commonly used in the parts of well that is depending 
on stable filter cake for a stable formation in the well [1]. Oil is the main component in addition to the 
water, clay and other chemicals. Completion fluid, as the name implies, is used after completion of the 
drilling process to maintain the hydrostatic pressure until the start of the production process. It can be 
both water and oil based, depending on the properties of the well, but water-based fluid is used in 
most cases. 
 
In most cases all three drilling fluids are used in a drilling process:  
 
Stage 1. Drilling of the top hole – WBM 
Stage 2. Drilling after casing - OBM 
Stage 3. The time between drilling and production – Completion Fluid 
 
 Circulation of DF  
 
Design and layout of DF System may vary a lot depending on operations to be performed, operational 
philosophy and the actual layout of the drilling facility on the installation. The operators and oil 
companies may also have additional requirements that must be fulfilled, surpassing national and 
international rules and regulations. However, the main principle of the system remains the same. 
 
  




Drilling fluid system is a heavy and complex which involves long stretches of pipe and many types of 
equipment. It can be split into five main parts: 
• Storage part, where the drilling fluid and its components are stored 
• Mixing part, where it gets mixed to achieve desirable properties 
• Injection part of the system, that transfers the mud up to the top drive and into the well  
• Treatment part, that handles and treats the used drilling fluid  
• Pressure reducing part, that is not in use under normal operation but is absolutely vital part of 
the system in case of unexpected pressure spikes in the well. 
 
3.2.1 Storage and Mixing of DF 
 
The storage part of the DF system can be considered the first stage of the drilling fluid journey. That is 
where the base fluid mixture is stored after it was mixed and transported to the site in a cargo tanks. 
As the properties of the well formation changes with depth, different types of drill fluid and drill fluid 
additives must be used. 
 
Properties of the fluid are altered by mixing in different additives like clay, weight materials, salts and 
polymers that is stored and added to the mixture in the mixing part of the system. 
 
Base fluid and additives are stored under ambient pressure. Low pressure, carbon steel piping classes 
are used in both storage and mixture parts of the system. Following design parameters are generally 
applicable [1]: 
 
Design pressure:  16 bar 
Design temperature:  -15 °C – 150 °C 
Material:   Carbon steel 
Corrosion allowances:  3 mm. 
 
3.2.2 Injection of DF 
 
Mixed mud that is ready for injection is stored in so-called Active tank that is connected to a charging 
pump that transverse the mud to a high-pressure Mud pump. HP pump pumps the drilling fluid to a 
hight of around 50 meters up the derrick to the drilling machine and few kilometers down the drilling 
pipe inside the well [1]. 
 
Following parameters are generally applicable for the injection system of deepwater drilling [2]: 
 
Design pressure:  517 bar 
Design temperature:  -29°C – 90 °C 
Material:   Low alloy steel. (usually AISI 4130 or 4140) 
Corrosion allowances:  3 mm. 
  




3.2.3 Treatment of DF 
 
For maintaining control of the well it is important to control the composition of the mud. Drilling fluid 
that comes up from the well is highly polluted with drill cuttings and formation gasses that will have 
to be removed before it is pumped down to the well again. 
 
The major gases found in wells are methane, carbon dioxide, nitrogen and hydrogen sulfide. 
 
Following parameters are generally applicable for treatment system [2]: 
 
Design pressure:  16 bar 
Design temperature:  -15 °C – 150 °C 
Material:   Carbon steel 
Corrosion allowances:  3 mm. 
 
3.2.4 Pressure reducing system 
 
Some circumstances can lead to a situation when the pressure in the wellbore builds up above 
hydrostatic pressure of the drilling fluid column, that situation is called a kick, which can further lead 
to a blowout. Kicks are handled by a pressure reducing system called Choke and Kill. 
 
Choke and Kill system (abbreviating: C&K) is an important part of offshore drilling installations. When 
pressure build-up above design pressure of normal operation, the BOP (blow out preventing) valve 
shuts down isolating the system from critical pressure, forcing the mud from the well inside the choke 
system that reduces the pressure to a required level and pumping it back into the well through the kill 
line. This process continues until the pressure in the well is stabilized and a normal operation can 
continue. 
 
In extreme cases, when C&K system is not sufficient to handle the kick, there is an overboard line that 
is always present on all offshore installations. It sends the drilling fluid overboard and is only used as 
the last resort. 
 
Design pressure:  690 or 1035 bar 
Design temperature:  -29 °C – 122 °C 
Material:   Low alloy steel. (usually AISI 4130 or 4140) 
Corrosion allowances:  3 mm. 
 
 Composition of DF 
 
The composition of drilling fluid is dependent on the formation, local regulations, depth of drilling and 
a range of other factors. Following are the main participants in mud for deepwater drilling: 
  
Water -   Fresh water is used in the water-based mud or as water phase in oil based 
Oil -   Oil is the main component of oil-based mud 
Salts -   For regulation of specific gravity (SG) and osmotic pressure) 
Clay -   For increased viscosity (usually Bentonite) 
Polymers -   Have a wide range of use (emulsifiers, thinner agents, amino acids for miscibility…) 
Weighting agents -   Minerals with high SG for the regulation of hydrostatic pressure (usually Baryte) 
Alkalinity agents -   For PH control of drilling fluid 
 




When drilling fluid is circulated back to the surface, it is polluted with formation particles (cuttings) 
and gasses that was previously mentioned (mainly: methane, carbon dioxide, nitrogen and hydrogen 
sulfide).  
 Hydrogen sulfide damage 
 
Hydrogen Sulfide can be a major problem during a drilling process. Exposure to H2S-containing 
production fluids can lead to cracking and sudden failure of metallic piping components.  
 
In 1940s and early 1950s in West Texas the oil and gas industry had its first challenges with gas fields 
containing H2S (sour gas). Further failures were reported in Canada. To solve the problem, the 
international organization for corrosion control NACE, formed a committee to accumulate information 
and provide a solution to this hydrogen sulfide issue and has developed one of its most important 
documents: NACE MR0175. 
 
Exact degree of expected drilling fluid contamination during drilling is unknown, in fact usually, it is not 
a problem, but since there is no certainty to it, the requirements in the NACE standard is mandatory 
to follow in all installations that can be subjected to H2S contamination above certain levels  
 
Cracking that can be caused by H2S, including stress corrosion cracking, hydrogen-induced cracking and 
stepwise cracking, stress-oriented hydrogen-induced cracking, soft zone cracking, and galvanically 
induced hydrogen stress cracking [1], [3]. 
 
Hydrogen-induced cracking (HIC) 
Planar cracking that occurs in carbon and low alloy steels when atomic hydrogen ions diffuse into 
impurity pockets of steel and then combines into molecular hydrogen at trap sites, expanding the 
pocket to a crack formation. 
 
Hydrogen stress cracking (HSC) and Sulfide Stress Cracking (SSC)  
Cracking that results from the presence of hydrogen in metal and tensile stress (residual and/or 
applied). 
 
Stepwise cracking (SWC) 
Cracking that connects hydrogen-induced cracks on adjacent planes in steel. 
 
Stress corrosion cracking (SCC) 
Cracking of metal involving anodic processes of localized corrosion and tensile stress (residual and/or 
applied). Does not involve hydrogen in its definition, but SCC can be accelerated in the presence of 
water and H2S. 
 
Stress-oriented hydrogen-induced cracking (SOHIC) 
Staggering small cracks formed approximately perpendicular to the principal stress (residual or 
applied) resulting in a “ladder-like” crack array linking of Hydrogen induced cracks. 
 
Soft-zone cracking (SZC) 
Form of SSC that can occur when steel contains a local “soft zone” of low-yield-strength material. Does 
not involve hydrogen in its definition, but hydrogen embrittlement can accelerate cracking in “soft 
zones”. 
 
Galvanically induced hydrogen stress cracking (GHSC) 
Cracking that results due to the presence of hydrogen in a metal induced in the cathode of a galvanic 
couple and tensile stress (residual and/or applied). 




4 Theory on steel 
 
The main objective of this theory chapter is to present the fundamentals of steel and welding. It 
includes the essentials of material science that are considered by the author as mandatory knowledge 




Welding is the most effective way of joining metal pieces together, by heating them up to a melting 
point until they meld together. It can be done with or without filler material. The main task and 
challenge when defining a welding procedure are to create a procedure that gives a weld that is as 
strong as the surrounding metal.  
 
Internationally approved welding processes are listed in ISO 4063 standard that covers almost 100 
welding processes in addition to brazing, soldering, cutting and gouging. Choice of welding process 
depends on factors like production volume, accessibility, base metal type and condition, fabrication 
costs, production speed, and others. 
 
Welding processes that are used today can be split into 5 main groups: Arc, Resistance, Gas, Pressure 
and Beam welding. 
 
 
Arc welding  Short circuit welding, that creates an electric arc between two electrodes. 
Works with both AC and DC currents and produces a heat of up to 7000 °C 
inside the arc region. The welding area is usually protected by shielding gas, 
vapor or/and slag. This is a relatively cheap and well-known way of welding. 
Most common arc welding processes is GMAW (MAG/MIG), GTAW (TIG), 
FCAW, SMAW and SAW.  
 
Resistance welding  Electrode on each side of the weld area generates heat by passing a strong 
electrical current through the working piece. The weld is created by heat from 
electrical resistance, combined with the time and force used to hold the 
materials together.  
 
Gas welding Simply explained it is a welding process that melts and joins metals by heating 
them up with a flame that is produced from fuel gasses and oxygen. 
 
Pressure welding Welds materials together by applying heat and mechanical pressure on the 
joining section. It is a fast process that can be performed in ambient 
temperature without the use of gasses and additives. 
 
Beam welding Generate a focused stream of high energy electrons in a vacuum. Giving a 
precise weld with a very small heat affected zone and high purity because of 












Weldability of a material describes its ability to be welded by a specific process and under specific 
conditions and depends mainly on the following factors: material composition and microstructure, 
choice of welding process and the welding environment.  
 
Definition of weldability in ISO/TR 581 -2005 standard is as follows: 
"A component consisting of metallic material is considered to be weldable by a given process when 
metallic continuity can be obtained by welding using a suitable welding procedure. At the same time, 
the welds shall comply with the requirements specified in regard to both their metallurgical and 
mechanical properties and their influence on the construction of which they form a part." 
 
 
4.1.1 Carbon equivalent 
 
Properties that are of the most importance when considering material weldability is the equivalent 
carbon content in the base and filler material. There is a range of carbon equivalent formulas out there, 
but the following types are most commonly used: 
 
Carbon equivalent values (CE): 
 










This Carbon Equivalent formula was developed by John Dearden and Hugh O'Neill's in 1940 and further 
adopted by International Institute for Welding (IIW) in 1967 and somewhat simplified. It is mainly, but 
not exclusively, based on extensive experience data from carbon manganese type steels and is 
applicable to steels with a carbon equivalent (CE) in the range 0,30 % to 0,70 %. 
 
The range of chemical composition of a material that can be used with this formula is specified in EN 
1011: 
 
• Carbon  0,05 to 0,25 
• Silicon   0,8 max. 
• Manganese  1,7 max. 
• Chromium  0,9 max. 
• Copper  1,0 max. 
• Nickel   2,5 max. 
• Molybdenum  0,75 max. 
• Vanadium  0,20 max 
 
Above mentioned formula (CE) is described as Method A in EN 1011 standard. While for low alloy 
high strength steels, Method B (CET) is preferred: 
 











The range of chemical composition of the material that can be used with this formula: 
 




• Carbon  0,05 to 0,32 
• Silicon   0,8 max. 
• Manganese  0,5 to 1,9 
• Chromium  1,5 max. 
• Copper  0,7 max. 
• Molybdenum  0,75 max. 




Crack susceptibility factor (Pcm): 
 























This formula for cracking parameter was developed in 1968 by Yoshinori Ito and Kiyoshi Bessyo who 
thought that Dearden and O’Neill used a testing method that was not precise and did not provide 
sufficient restraint to induce weld cracking. The formula was adopted by the Japanese Welding 
Engineering Society (JWES) in 1973 and is widely used for low carbon alloys, typically for steels with 
carbon mass fraction equal to or less than 0,12 %. It is also adapted by API 5L standard for use with 
PSL 2 pipes.  
 
Carbon equivalent number (CEN): 
 
 

















The newest carbon equivalent formula, CEN, was proposed to evaluate the weldability of a wide 
variety of steels. It incorporates both CE from IIW and Pcm. The CEN is similar to the Pcm with carbon 
levels less than 0,17% and to CE for steels with high carbon content. 
  
Yurioka [4] illustrated a good correlation between Pcm and CEN: 
CEN = 2P cm - 0.092 (C ≤ 0.17%) 
CEN = CEIIW + 0.012 (C ≥ 0.17%) 
 
CEN applies well to both traditional steels (covered by CE) and low carbon low alloy steels (covered by 
Pcm) because of the hyperbolic tangent "tanh" term in the accommodation factor, A(C): 
 
𝐴(𝐶) = 0,75 + 0,25 ∗ tanh⁡{20 ∗ (𝐶 − 0,12)} 
 
  




 Phase diagram 
 
Material can take different phases, depending on temperature and composition. Material at different 
temperature stages can consist of single (homogenous) or mixed (heterogeneous) phases.  Iron-
Carbon system has liquid phase and three solid phases at atmospheric pressure1. Those are denoted 
with Greek letters α, γ, δ. Residual carbon that cannot dissolve in allotropic2 forms of iron, dissolves in 
another phase called Cementite3. See Figure 2 for phase diagram of Iron-Carbon alloy. 
 
The first possible phase of iron is called delta phase (δ-ferrite) where the maximum concentration of 
carbon is 0.09 % at 1493 °C, but delta ferrite can exist at between temperature range 1392 °C and 1536 
°C, depending on carbon concentration.  It has BCC crystal structure like α-ferrite, but with a greater 
lattice constant4  because of the high temperature that increases the vibration of the atoms and 
thereby the distance between them. 
 
The next phase is called gamma phase (γ-austenite), where the concentration of carbon can be as high 
as 2,06% carbon at 1147 °C, but austenite can exist at a temperature range between 727 °C and 1493 
°C with lower carbon concentrations. This phase has FCC crystal structure. 
 
At temperatures lower than 727 °C, the iron can only exist as alfa phase (α-ferrite). This phase cannot 
dissolve more than 0,02 carbon so the residual carbon will form cementite phase.  
 
For steels with carbon concentration under 0,8 %, the nucleus of γ-ferrite will begin to appear and 
grow in between austenite cells as temperature falls. At temperature 727 °C, residual austenite will 
almost spontaneously turn into the layered structure of ferrite and cementite. This layered structure 
is called Pearlite.    
 
Iron-Carbon composition with more than 2,06% carbon will form an additional material structure 
called ledeburite. Ledeburite is equal to perlite but it forms directly from the liquid phase. Alloy with 
more than 2,06% carbon are ranged under cast iron and are generally more hard and brittle. Cast Iron 




                                                          
1 Fourth phase, ε, with hexagonal close-packed (hcp) structure exists at pressure above 10 GPa. 
2 Allotropy is the property of some elements to exist in different forms. Diamond and graphite are two allotropes 
of carbon. 
3 Cementite is iron carbide with formula Fe3C and orthorhombic crystal structure that dissolves 6,67 % carbon. 
4 Lattice constant refers to the physical dimension of unit cells in a crystal lattice.  





Figure 2: Iron-carbon phase diagram.  




As can be seen from the phase diagram (see Figure 2) the temperature boundaries between phases 
are marked with letters: A1, A2, A3, Acm. 
 
A1 : Lower critical temperature.  
It is the temperature of the austenite-to-pearlite eutectoid transformation. Below this temperature 
austenite does not exist. For steel, this temperature is 727 °C 
 
A2 : Magnetic transformation temperature. 
Also called Curie temperature, is the temperature above which steel loses its permanent 
magnetic properties. For Iron, this temperature is 768 °C 
 
A3 :Hypoeutectoid critical temperature.  
It is the temperature, below which ferrite starts to form from austenite in the hypoeutectoid alloys. 
 
Acm :Hypereutectoid critical temperature.  








 Effect of alloying agents 
 
Steels of the simplest type consist of Iron and carbon for which Iron Carbon steel diagram is applicable. 
Although in practice pure steel is never used and alloying elements are always added to achieve the 
desired properties. In cases when more than just carbon is used as an alloyant, different phase diagram 
will apply, but the concept of equivalent carbon content that was described earlier can also be used to 
some extent. Carbon equivalent is mostly used to estimate hardness and thereby the weldability of 
steel. High hardness will significantly increase the risk of hydrogen cracking as it was described in pre-
project for this thesis [1]. 
 
Alloy steel is steel that is alloyed with a variety of elements. The difference between low and high alloy 
steel are not clearly defined and varies from source to source, but usually, it lies somewhere around 
5% of alloying elements. We can thereby classify alloy steels as follows: 
 
• Low alloy steels: in which the sum of total Alloying elements is < 5% 
• High alloy steels: in which the sum of total Alloying elements is > 5% 
 
Iron 
Steel is a mixture of several metals but mostly it consists of iron, where the content is no less than 97,9 
% in pure carbon steel and no less than 50% for high alloy steel. Iron is much softer and weaker than 
steel, but because of its ability to take different allotropic forms, it can dissolve over 2 % of carbon in 




This is the most important alloying element in steel, the presence of carbon in iron is necessary to 
make steel. Carbon is an essential element for the formation of carbides in steel that increases its 
tensile strength and hardness. 
 
 
Alloying elements can be classified into categories but most of them are multiplayer and will 
participate in more than one category. Suggested categories: 
 
• Substitutional Ferrite stabilizers 
• Substitutional Austenite stabilizers 
• Carbide formers 
• Nonmetallic and Interstitial Alloys 
 
Ferrite stabilizers are the element which promotes the formation of ferrite phase by increasing phase 
transformation temperature. (e.g. Cr, Mo, Ti, V and Al).  
 
Austenite stabilizers are the element which stabilizes austenite by increasing the austenitic area in 
iron carbon diagram. It can be done by decreasing eutectoid composition and decreasing the eutectoid 









Carbide formers are elements that form stable carbides and is composed of carbon and a less 
electronegative element (e.g. Cr, Mn, Mo, W, V, Ti, Zr and Nb). Fine particle carbides can either 
increase the strength by participation hardening 1  or by acting as an obstacle to the motion of 
dislocations. Thus increasing the hardness and wear resistance of steels.  
It should be noted that the formation of carbides in martensitic steel will have an opposite effect than 
in steels that is in an equilibrium state and will reduce its hardness. 
 
Nonmetallic alloys (e.g. Si, S P, H, C, N  and O). Oxygen and Hydrogen are impurities in material and is 
unwanted in steel structures. The other elements have different tasks that will be briefly described 
further in this chapter. H, C, N and O can be arranged in a subgroup of interstitial alloying elements 




Nickel, Ni  
Melting point 1453 °C 
Nickel is a metal with face-centered cubic and therefore it is an austenite promoter. It is widely used 
for manufacturing of austenitic stainless steels. Nickel is also used in carbon steels to increase 
toughness and hardenability.  
 
Manganese, Mn 
Melting point 1221 °C 
Manganese is another metal with face-centered cubic and thereby an effective austenite promoter.  
It assists in the deoxidation of the steel, prevents the formation of iron sulfide and inclusions, and 
promotes greater strength by increasing the hardenability of the steel. Most steels contain at least 
0,3% manganese but it can be as high as 1,5 % in some carbon steels. 
 
Silicon, Si 
Melting point 1414 °C 
Silicon is an effective deoxidizer and is often used in weld metal. It dissolves in iron and tends to 
strengthen it, but excessive amounts can also reduce the ductility. 
 
Aluminum, Al 
Melting point 658 °C 
Aluminum is mainly used as a deoxidizer, but can also restrict austenite grain growth in reheated steels 
and is normally added as a grain refiner for improved toughness. 
 
Copper, Cu 
Melting point 1083 °C 
Copper alloying is a means of securing atmospheric corrosion resistance when. It is effective when 
present in amounts of more than 0.30% in steels. It can dissolve in iron in an amount of up to 1%, 






                                                          
1 Participation hardening is heat treatment technique that that is used to harden the material and increase its 
yield strength by producing fine particles of an impurity phase. 
2 An inclusion is a material that is trapped inside another material during its formation.  





Melting point -210 °C 
Increasing N-content influences diffusion. It supports the strengthening and delayed precipitation of 
carbides and inter-metallic-phases during heat treatment. Although usually affords are made to 
eliminate hydrogen, oxygen and nitrogen from steel as it tends to promote brittleness. 
 
Chromium, Cr 
Melting point 1903 °C 
Chromium reduces the critical rate of cooling necessary for martensite formation, thus increases 
hardenability, that gives improved susceptibility to hardening and tempering processes. Thermal and 
electrical conductivity is reduced in chromium steels, leading to reduced thermal expansion and 
smaller HAZ. The tensile strength of the steel increases by 80-100 N/mm2 per 1% Cr. 
To inhibit corrosion, at least 11% chromium is added to stainless steel so that a hard oxide layer can 
be formed on the metal surface. 
 
Molybdenum, Mo 
Melting point 2620 °C 
Because of its high melting point, it increases the high-temperature strength, reduces the critical 
cooling rate and improves hardenability. Molybdenum reduces temper brittleness and promotes fine 
grain formation, thus favorably effects the weldability of steels. 
 
Tungsten, W 
Melting point 3410 °C 
Another metal with a high melting point that increases the high-temperature strength and wear 
resistance of steel. It is therefore alloyed primarily to high speed and hot forming tool steels, as well 
as creep-resistant and ultra-hard steels. 
 
Vanadium, V 
Melting point 1890 °C 
Vanadium forms stable nitrides and carbides, resulting in a significant increase in the strength of steel. 
It also refines grains giving fine and strong casting structure. Combination of its strength and ferrite 
promoting properties, thus shift of critical point to elevated temperatures makes it a perfect candidate 
for high-speed tool steels. Vanadium high-carbon steel alloys contain 0.15% to 0.25% vanadium, 
and high-speed tool steels (HSS) have a vanadium content of 1% to 5%. 
 
Titanium, Ti 
Melting point 1660 °C 
Titanium has high affinity to oxygen, nitrogen, sulfur and carbon, thus making it a multiplayer in alloyed 
steel with its deoxidizing, denitriding, Sulphur bonding and carbide forming properties.  
As ferrite stabilizer, it is also used to reduce the grain size of austenite. 
 
Niobium, Nb 
Melting point 2468 °C 
Niobium is very pronounced carbide former, thus usually alloyed in high temperature and chemical 
resistant steels. As melting point indicates, it is also pronounced ferrite stabilizer. 
 
Zirconium, Zr 
Melting point 1855 °C 
Zirconium is a carbide former. It increases strength and limits grains sizes of steel. Very popular as an 
alloying element for deoxidation, as it leaves living little deoxidation products behind compared to 
other deoxidation agents. Produces restriction to the γ-phase. 
 





Melting point 2300 °C 
Boron is added to steel for only one reason: to enhance its hardenability. The optimal amount of Boron 
in solution with iron is always in between 0,001% and 0,005%. Adding too much will reduce the 
hardenability effect.  Boron has a strong tendency to combine with oxygen and nitrogen to form B2O3 
and BN. Therefore it is often added to deoxidized steel. 
 
Phosphorus, P 
Melting point 44 °C 
Phosphorus Is usually regarded as a steel parasite because of its low melting temperature and thus 
segregation on solidification of the melt. An attempt is made to keep the P content very low, with an 
upper limit of 0.03-0.05.  
 
Sulfur, S 
Melting point 115 °C 
Another steel segregator that should be kept to a minimum in steels. Although Sulfur is sometimes 
added intentionally to steel for automatic machining  in amount of up to 0,4% as an attempt to reduce 
the friction of the cutting tool. 
 
 Residual Stresses and thermal expansion 
 
Residual stresses are stresses that persist in a solid material (that is free of external forces or 
temperature gradients) after the original cause of the stresses has been removed. The original cause 
of stresses can be split in two groups: cold deformation and thermal expansion. 
 
 
Figure 3, Residual stresses and Hardness profile of a weld 
Made by author, License: CC BY-SA 3.0 
 
In the case of welding, the residual stresses are the result of localized expansion during heating. After 
the weld is applied, both heat affected zones and the weld will start to cool and contract, leaving 
behind residual stresses and zones with increased hardness and brittleness, see Figure 3.  
 
From Figure 3 it can be seen that hardness is mainly increased in HAZ of the base material, where the 
material was heated above its critical point and then relatively quickly cooled in room temperature. 
Hardness profile can be effectively altered by preheating the material or reducing the rate of cooling.  
 




 Recovery, recrystallization and grain growth 
 
Residual stresses is a result of changes in microstructure that include changes in grain shapes as a 
result of plastic deformation, strain hardening, increased dislocation density and impurity 
mechanisms. Material strength and other properties like electrical conductivity and corrosion 
resistance can be modified as a result of stored internal strain energy. Material properties can revert 
back fully or partially by appropriate heat treatment or annealing.  
Recovery of material can be described by two processes that take place at elevated temperatures: 
recovery and recrystallization. Continues heating after recrystallization can trigger extensive grain 
growth and weakening of the material. 
 
 
Figure 4, Recrystallization steps of a metallic material 





The mechanism of recovery is mainly motion of vacancys in microstructur. This involves a migration of 
point defects to the grain boundaries or dislocations, and a combination of point defects. Recovery is 
the main mechanism that releases the internal stresses in welded materials without decreasing the 
strength that was acquired during material working and heat treatment.  
As the material is heated during the recovery, the yield and tensile strength are reduced (see Figure 
5), allowing for the stored internal strain energy to be relieved by a dislocation movement. 
 





Figure 5, Influence of annealing temperature on strength and ductility of brass. 
Adapted from Fig 7.22, Material Science and engineering by W. D. Callister and D. G. Rethwisch 8e. 
 
It is important to notes that although recovery significantly reduces the residual stresses in the 
material, it does not get rid of them all. Leaving some of the most persistent ones left, that can further 
trigger nucleation points at elevated temperatures.  
 
Figure 6, Recovery process 





As mentioned above, even after the recovery is complete, the grains are still in relatively high strain 
energy state. In order to completely relive the material structure from residual stresses, the material 
must be heated to the temperature of recrystallization1, TR.  
 
An important thing to notice is that recrystallization temperature depends on many variables and is 
not a fixed temperature similar to melting temperature or critical temperature of alloys. The increased 
annealing time reduces the recrystallization temperature. Although the extent of a recrystallization 
                                                          
1  Recrystallization temperature is the temperature at which a specific material is recrystallized within 
approximately one hour.  




process is dependent on both time and temperature, nucleation will not be triggered under eutectic 
temperature unless there is sufficient strain energy in the material to trigger nuclei and to drive their 
growth. Thus the driving force to produce new strain-free grain structure is the difference in internal 
energy between the strained and unstrained material. 
 
 
Figure 7, Recrystallization process 
Adapted and transformed from Wikipedia, work of Daniele Pugliesi. License: CC BY-SA 3.0 
 
Recrystallization is easier in pure metals than in alloys and occurs at lower temperatures, at 
approximately 30% of melting temperature, while it requires as much as 70 % of melting temperature 
for high alloyed steels. Thereby it can vary in the range of 0,3Tm – 0,7Tm, depending on the amount of 
alloying elements in steel [5]. The recrystallization temperature of pure Iron is 450 °C, thus increasing 




After recrystallization is complete, the structure will be completely free from internal stresses, but the 
strain-free grains will continue to grow at the expanse of their neighbors if the material is kept at 
elevated temperature. Large grains will grow at the expense of small ones. 
 
 
Figure 8, Grain growth process 
Adapted and transformed from Wikipedia, work of Daniele Pugliesi. License: CC BY-SA 3.0 
 
The driving force for grain growth is the energy that is associated with grain boundaries. As grains 
increase in size, the total boundary area decreases, leading to a reduction in the total energy of the 




structure. An important fact is that grain growth does not require recovery and recrystallization prior 
to it.  
 
 Heat affected zone 
 
The heat-affected zone (HAZ) is the area of the base material which is not melted but had its 
microstructure and properties altered by high heat input from the weld. A simplified area split of a 
welded joint is represented in Figure 9. Fusion zone is a small area of the melted pool that combines 
both base and filler materials.  
 
 
Figure 9, Areas in a welded material 
Copied from https://weldingproductivity.com, work of Kirk Beaster, Article: Detrimental elements  ©2019 Welding 
Productivity® Magazine Inc. 
 
The amount and type of change in microstructure are dependent on the temperature, exposure time 




Figure 10, Regions in HAZ & corresponding phase diagram 
Copied from http://www.imim.pl, work of Z. Śloderbach, Article: determination of ranges of components of heat affected 
zone including changes of structure . 





CGHAZ (Coarse Grain HAZ) – HAZ with coarse grain structure, heated to a temperature (1100 °C ≤ Tmax 
≤Tm), where: Tm – steel melting point. 
FGHAZ (Fine Grain HAZ) – HAZ with fine grain structure, heated to a temperature above A3 (900 °C ≤ 
Tmax ≤1100 °C),  
ICHAZ (Inter critical HAZ) – HAZ heated to a temperature above A1 in the range A1 -A3 (700 °C ≤ Tmax 
≤ 900 °C),  




 Microstructures of Iron-Carbon Alloys 
 
There is a variety of possible microstructures of Iron steel that can be formed depending on heat 
treatment methods used during production or after weld. Those are: Pearlite, Bainite, Martensite and 





Pearlite is a two-phase, layered structure composed of layers of ferrite (87.5 %) and cementite (12.5 
%). It is formed during sufficient slaw cooling from the austenite phase.  
 
Transformation happens at so-called eutectoid temperature 
of steel, at 727 °C. As austenite cannot exist at lower 
temperatures, all austenite will be transformed to ferrite, but 
since ferrite cannot take all the carbon that was dissolved in 
austenite, it will be forced to form carbides with iron, called 
cementite. Leading to the layered structure of ferrite and 
cementite, see Figure 11. The layered structure of pearlite 
steels makes it one of the strongest commercial bulk 
materials on earth. 
Figure 12 illustrates a pearlite structure under a microscope. 
The material on the picture is hypo eutectoid, thus with a 




Figure 12, Perlite structure in hypo eutectoid steel 
Copied from Wikipedia.org. Article: Pearlite. License: Public domain 
Figure 11, Formation of pearlite from 
austenite 
Adapted from Fig 9.28 Material Science and 
engineering by W. D. Callister and D. G. 
Rethwisch 8e. 
 




There are three types of steels: Hypoeutectoid, eutectoid and hypereutectoid. The difference is the 
amount of carbon present in the alloy. It is so that steel cannot hold more than 0,76% carbon, without 
being forced to form iron carbides prior to the eutectoid temperature of 726 °C dooring cooling. Less 
than 0,76 % carbon will trigger the formation of ferrite along grain boundaries of austenite prior to the 
eutectoid temperature of 726 °C dooring cooling. That makes steel with 0.76 % carbon the iron-carbon 
composition that can transform entirely into pearlite, see Figure 13. 
 
 
Figure 13, Schematic representation of perlite in steel 
Adapted from Fig 9.26, 9.29 & 9.32 Material Science and engineering by W. D. Callister and D. G. Rethwisch 8e. 
 
 
Coarse and fine pearlite 
 
Pearlite is further divided into two types: coarse and fine pearlite. Coarse pearlite is produced just 
bellow eutectoid temperature. The difference between those type is the thickness of ferrite and 
cementite layers. The lower the temperature, the slower is the diffusion rate of carbon and the layer 




Martensite is not present in the phase diagram of the iron-carbon system because it is not an 
equilibrium phase. Equilibrium phases are formed by slow cooling rates that allow sufficient time for 
diffusion, whereas martensite is formed by high cooling rates. 
 
At high cooling rates (quenching) some carbon does get enough time to diffuse out of the austenite to 
form cementite. This lead to trapped interstitial carbon atoms, because of that FCC structure 
(austenite) are unable to transform to BCC structure (ferrite). Instead, austenite is transformed to the 
body-centered tetragonal (BCT) structure. A unit cell of BCT crystal structure is simply a body-centered 
cube that has been elongated along one of its sides, but it is distinctly different from BCC in the way 
that it stores much more strain energy and is much harder structure because of the trapped carbon. 
The mechanism of transformation is illustrated by, Figure 14. The illustration shows that the instead 
of long diffusion of carbon atoms they are kept in their position, forcing FCC structure (austenite) into 
BCT structure (ferrite), that is called “shear transformation”. 
 





Figure 14, Austenite to martensite transformation. 
Made by author, License: CC BY-SA 3.0 
 
 
The mechanism of martensite transformation is not entirely clear. Though it can be said that the 
transformation from austenite to martensite is in a way resembles the formation of pearlite, in the 
way that it also starts at the cell boundaries and grow in one direction forming a layered structure, but 
layers are of the same, BCT structure, type. Martensite has needle-like structure, if looked at under 
the microscope, see Figure 15. The reason for such structure can be the fact that transformation from 




Figure 15, Martensite structure. 




Tempering1 is often used as a heat treatment of martensite in steels. During martensite tempering, in 
addition to an extensive recovery of the dislocation structure, the excess carbon in solid solution 
segregates and forms carbon flakes inside martensite plate. That leads to less brittle structure. Heavy 
(long) tempering leads to the recrystallization of the ferrite plates into equiaxed grains, see Figure 16. 
 
                                                          
1 Tempering is a heat treatment process changes microstructure and mechanical properties as the metastable 
sample is held isothermally at a temperature bellow critical where austenite cannot form. 





Figure 16, Martensite tempering. 
Copied from http://threeplanes.net/martensite.html. Author: Peter L Berglund. Article: Martensite. License:  
 
It can often be hard to recognize tempered martensite as it does not resembles a needle-like structure 
and can look more like a noise from a tv screen, see Figure 16. See also Figure 17 for high-resolution 
photo of tempered martensite.  
 
 
Figure 17, Tempered martensite, high resolution image. 





1. Steel with more than 0.2% carbon produces highly unstable martensite because of super-
saturation, and interstitial diffusion of carbon in BCT martensite can occur [6]. Thus, in the first 
stage of tempering, the decomposition of martensite into less tetragonal needles and 
transition carbides (ε-carbide, Fe2.4C and η-carbide, Fe2C). 
2. At the second stage of tempering retain austenite decomposes into lower bainite (see next 
chapter).  Note that the amount of retained austenite in the as-quenched steel depends on 
the composition of the steel, and the temperature to which steel was quenched. 
3. During the next stage of tempering martensite completely loses its tetragonality and transition 
carbides grow into cementite. 
4. Further tempering leads to cementite coarsening and eventually to spheroidisation.  
 




It is also important to notice that the rate of 
temperature changes in thick materials varies across its 
cross-section, thus the cooling rate away from the 
quenched surface is somehow slower. Because of that 
higher rate of diffusion can be possible away from the 
surface, allowing for less martensitic structure to be 
formed. This can be illustrated by hardness diagram, 







Made by author, License: CC BY-SA 3.0 
 
Temperature range of martensite formation spreads over a range that is dependent on the material 
composition. For eutectoid steel, the range is somewhere between 120 and 220 °C, see Figure 19. 
 
 
Figure 19, Isothermal transformation diagram for an eutectoid iron-carbon alloy 




Between the temperature range of martensite and pearlite, another microstructure can be formed 
called bainite, see Figure 19.  The temperature range for bainite in carbon-iron steel is somewhere 
around 220 – 550 °C (depending on the alloy composition).  
Because of a similar aspect of transformation mechanism, bainite and martensite can at first seem very 
similar and resemble each other as a needle-like structure. Still, mechanical properties and chemistry 
of microstructure are very different. While martensite is a separate phase with highly strained body-
centered tetragonal structure, the bainite is a composition of ferrite and cementite.  
Figure 18, Hardness vs material thickness 





Since the diffusion rate is not sufficient for carbon to diffuse to the grain boundaries to form separate 
layers of iron carbides, cementite is formed inside the ferrite layers. As the temperature falls, the 
diffusion rate falls with it, reducing the diffusion distance of carbon and thereby making the cementite 




Figure 20, Formation of pearlite and bainite 
Made by author, License: CC BY-SA 3.0 
 
The Bainite can be separate into to categories of upper and lower bainite. Where upper represent 
structure formed at upper-temperature range with better diffusion rate, thus bigger cementite islands 
(elongated in the direction of ferrite plate grows), while lower bainite has lower diffusion rate leading 
to many small islands of cementite and thus harder structure.  
 
The relationship between temperature and diffusion rate, thus the size of cementite island in bainite 
plates can be seen from microscopic pictures in Figure 21. 
 





Figure 21, Bainite structures, at different formation temperatures, 0,7% C steel 
Adapted from Yin, J., Hillert, M. & Borgenstam, A. Metall  and Mat Trans A (2017) 48: 4006.  
https://doi.org/10.1007/s11661-017-4208-5  
License: CC BY-SA 4.0 
 
Bainite starts forming at grain boundaries of austenite and usually into both neighboring grains 
simultaneously, and most common formation resembles chevron shape because it consisted of two 
legs, one in each austenite grain. The legs of a chevron consist of ferrite plates and a long series of 
cementite particles. It will often cover the whole length of a grain boundary, and develop into a 
feathery microstructure composed of parallel plates of ferrite in each grain. 
 
 
Figure 22, Fathery bainite microstructure. 
Adapted from Yin, J., Hillert, M. & Borgenstam, A. Metall and Mat Trans A (2017) 48: 4006.  
https://doi.org/10.1007/s11661-017-4208-5  
License: CC BY-SA 4.0 
 




It should be said that arrangement parallel ferrite plates can sometimes occur just on one side of the 
grain boundary and this type of bainite structure is often called semi-feathers. 
4.7.4 Spheroidite 
 
Spheroidite is the softest and most ductile steel structure. It forms when steel is heated and held 
formany hours at just bellow the lower critical temperature, A1. Since the process is diffusion driven, 
it can occur at lower temperatures, but the time of the transformation will drastically increase.  
 
Structure of Spheroidite consists of cementite spheres within primary structure of ferrite or pearlite 
(depending on whether it is hypo or hypereutectoid type of steel). 
 
 
Figure 23, Spheroidite in continuous phase of α-ferrite. 1000x 
Copied from Fig 10.19, Material Science and engineering by W. D. Callister and D. G. Rethwisch 8e. (Copyright 1971 
by United States Steel Corporation.) 
 
 
 Heat treatment 
4.8.1 PWHT 
 
The heat from a welding process can cause localized expansion of HAZ in the base material, which is 
taken up during welding by molten metal or base material. After welding, the material will start to cool 
and contract. Since the heat during welding is not evenly distributed, some parts will contract more 
than others, leaving some residual stresses behind. This type of impurities will make the material hard 
and brittle, thus require treatment that can bring the material back to its design properties. 
 
Post weld heat treatment (PWHT) is a process in which welded material is reheated to a temperature 
below its lower critical transformation temperature, A1 and then it is held at that temperature for a 
specified amount of time. The purpose of such heat treatment is to correct changes in microstructure 
after welding and to reduce residual stresses in the material. Process of stress relieving is called 
recovery, see chapter 4.5. 
 




The process of PWHT consists of three steps: heating, holding, cooling. All steps have to be carefully 
planned and controlled to get the desired outcome. 
 
The rate of heating should be based on the thickness of the component and it is specified by the 
governing codes. In the case with pressure piping, the most acknowledged design code is ASME 
B31.3. If the rate of heating is not performed properly, either by heating too quickly or not 
evenly, temperature changes within the component can become detrimental to the material, a 
specially if short holding time is used. As a result, new residual stresses and stress cracks can be formed 
after the component is cooled to ambient temperature. 
 
Holding time is dependent on the alloy and material thickness. It can takes longer time for thick parts 
to achieve homogenous temperature throughout the material, thus it should be taken in consideration 
when deciding the holding time.  
It is important to choose the PWHT  temperature bellow the lower critical temperature, A1. To make 
sure that all uncertainties are covered, there is a common practice to choose the PWHT temperature 
50 °C below the A1 temperature. Another important thing to consider is the original tempering 
temperature (tempering temperature in the material certificate), which must not be exceeded. 
Otherwise, the mechanical properties that is specified in the material certificate can be reduced, and 
in the worst case the material can become useless. In such a case where PWHT temperature exceeds 
the manufacturer tempering temperature, mechanical testing of the material must be performed after 
PWHT to make sure that the minimum design values  are not exceeded. 
 
The cooling rate is important to avoid any detrimental temperature gradients that could cause cracking 
or introduce new stresses. 
 
Effect of Post weld heat treatment will generally result in a modification of the microstructure of both 
the weld metal and heat affected zone. The effect of short-term post weld heat treatment on the 
carbide is generally beneficial, whereas longer times can result in a reduction in toughness due to 




Tempering is a heat treatment technique applied to steel, mainly to increase toughness and decrease 
hardness of the alloy. The reduction in hardness is accompanied by an increase in ductility, thereby 
decreasing the brittleness of the metal. Tempering is usually performed after quenching, which is rapid 
cooling of the metal to put it in its hardest state. Tempering is accomplished by controlled heating of 
the quenched work-piece to a temperature below its lower critical temperature, A1, see Figure 24. 
Heating above this temperature will destroy martensite structure and can trigger the recrystallization 
process. 
 





Figure 24, Tempering process 
Made by author, License: CC BY-SA 3.0 
 
Precise control of time and temperature during the tempering process is crucial to achieve the desired 
balance of physical properties. Low tempering temperatures may only relieve the internal stresses, 
decreasing brittleness while maintaining a majority of the hardness. Higher tempering temperatures 
tend to produce a greater reduction in the hardness, sacrificing some strength for an increase in 
elasticity and plasticity. However, in some low alloy steels, containing other elements like chromium 
and molybdenum, tempering at low temperatures range may produce an increase in hardness, while 
at higher temperatures the hardness will decrease. 
 
 
Figure 25, Influence of Mo content on temper softening (after E.C. Bain) 
Copied from imoa.info, Copyright © 2008 International Molybdenum Association.  
 
 
In carbon steels, tempering alters the size and distribution of carbides in the martensite, forming a 
microstructure called "tempered martensite", see chapter 4.6.2  
 
Temperature stages of the tempering process 
30 to 200 °C : The structure etches dark and is sometimes known as black martensite. The original as-
quenched martensite is beginning to lose its tetragonal crystal structure by the formation of a 
hexagonal closed-packed transition carbide (epsilon carbide, Fe24C) and low-carbon martensite. 
 
150 to 300 °C : The retained austenite transforms into lower-bainite containing ε-carbon rather than 
cementite (archaically referred to as "trostite"). 





200 + °C : Changes the epsilon carbide to cementite (Fe3C), the low-carbon martensite becomes BCC 
ferrite and any retained austenite is transformed to lower bainite.  
 
400 to 650 °C : Continues growth of the cementite particles. This clustering of the carbide particles 
allows more of the ferrite matrix to be seen, giving fine mixture of ferrite and cementite. It causes the 
sample to etch lighter than the low-temperature product. This structure was formerly known as 
"sorbite". 
 
650 to 720 °C : Highest range of steel tempering temperatures can do more harm than good and 
usually is avoided. During highest temperature ranges bellow lover critical steel will continue loosing 
but the rate of toughness increase is low.  
If high temperatures is held for long enough, globular cementite particles is produced. This structure 
is soft and tough, see chapter about spheroidite, chapter 4.7.4 and Figure 28. Process of 




The definition of normalizing is a process that makes something more normal or regular. That 
definition is reflected in the purpose of the normalizing process which is to remove coarse and uneven 
grain structure, creating more fine and even structure.  
 
Normalizing is done by heating the steel 20-50 °C above the upper critical temperature, A3 ( or Acm 
for hypereutectoid steels ). During the holding time, nucleation of austenite grains will take place. The 
holding time of temperature must be carefully chosen to avoid extensive grows of new grains that can 
lead to increased ductility and unwonted strength reduction. 
 
 
Figure 26, Normalizing process 
Made by author, License: CC BY-SA 3.0 
 
 













The main purpose of annealing is to remove all residual stresses and increase the ductility. Here the 
steel is heated slightly above the upper critical temperature for hypoeutectoid steel and just above the 
lower critical temperature for hypereutectoid steel. The purpose is to transform all ferrite into 
austenite phase, reliving all the stresses and cooling it very slowly down in a furnace. The slow cooling 




Figure 27, Annealing process of hypoeutectioid steel 
Made by author, License: CC BY-SA 3.0 
 
In addition to a full annealing process that is used to bring still to its final state, an intermediate 
annealing process is often used between cold working stages, it is also called process annealing. The 
temperature range for process annealing is between 260 °C and 760 °C (depending on the alloy in 
question). It is always under the lower critical temperature and is performed only to partially restore 
material ductility allowing for further cold working without breaking the material. Visualization of 




Figure 28, Annealing and Normalizing process 
Made by author, License: CC BY-SA 3.0 




 Schaeffler diagram 
 
The Schaeffler diagram provides some information on the welding properties of the various types of 
microstructure, as a function of what alloying elements they contain. Chromium equivalent is 
calculated using the weight percentage of ferrite stabilizing elements and Nickel equivalent is 
calculated using the weight percentage of austenite stabilizing elements.  
 
Formula for Nickel equivalent: 
 
Ni (eq) = Ni + (30 x C) + (0.5 x Mn) 
 
Formula for Chromium equivalent: 
 




By entering the Ni-equivalent over the Cr-equivalent for stainless steel into a diagram according to 




Figure 29, Schaeffler diagram 
Copied from “The genesis of the Schaeffler diagram in the history of stainless stee l” by Pierre Guiraldenq and Olivier 
Hardouin Duparc. 
 
Although Schaeffler diagram was not design for plain steel, it may still be used to indicate expected 
amount of martensite based on nickel and chromium equivalents in steels. 
 
It should be mentioned, without going in any details, that Schaeffler diagram is not applicable for steels 
with nitrogen additions, where Deloge diagram is rather used.  Nitrogen must be taken into account 
as strong austenite stabilizer, leaving chromium equivalent unchanged.  




 Transformation diagrams, TTT and CCT 
 
The phase transformation diagram is a so called equilibrium diagram of Fe-C composition) and only 
provides information about phase transformation given that a sufficient amount of time is given for 
diffusion of carbons and complete phase transformation. In other words, the Fe-C diagram does not 
show transformation under non-equilibrium conditions when faster cooling rates are applied, not 
allowing for equal and complete diffusion throughout the material. 
 
Structures that are not listed in the Fe-C diagram but can be observed in steel structure is mainly 
bainite and martensite. TTT and CCT diagram graphically explains the effect of temperature and time 
on austenite transformation to pearlite, bainite or martensite. It also gives an idea about the 
percentage of each phase on completion of chosen temperature cycle. 
 
There are two types of transformation diagram: 
 
• Time Temperature Transformation diagram (TTT) 
• Continuous cooling transformation diagram (CCT) 
 
4.10.1 Isothermal Transformation diagram 
 
Time Temperature Transformation (TTT) diagram is also called isothermal transformation diagram. 
This diagram is designed for a constant temperature rate transformation. Here we bring the 
temperature to a desired value and keep it constant until transformation of austenite to the required 
amount of transformation product (pearlite, bainite or martensite) have taken place.  
 
 
Figure 30, Isothermal transformation diagram for an eutectoid iron–carbon alloy. 
Adapted from Fig 10.22 “Material Science and engineering” by W. D. Callister and D. G. Rethwisch 8e.  
 
It is common to use multiple cooling steps, when we want to introduce multiple phases in the material. 
 




Since the martensitic transformation does not involve any carbon diffusion, the transformation from 
austenite to martensite occurs almost instantaneously. The martensite grains nucleate and grow at 
the velocity of sound within the austenite matrix. Thus the martensitic lines are drawn horizontally in 
ITT and CCT diagrams. It should be also noticed that not all austenite transforms to martensite at ones, 
it is dependent on alloy composition and happens in stages, as indicated in Figure 30. 
4.10.2 Continues Cooling transformation, CCT 
 
While with constant temperature transformation we can achieve more control of the transformation 
process, most steels are continuously cooled as it is more economically beneficial for the 
manufacturing process.  For material transformation process at temperature that is continuously 
changing, we must use continues cooling transformation (CCT) diagram. 
 
For continuous cooling, the time required for a reaction to begin and end is delayed. This delay is 
usually indicated with a stippled line as it is shown on the left side of Figure 31. On the right side of the 
same figure, two cooling rates are introduced to demonstrate the dependence of the final 




Figure 31, Continuous cooling diagram for an eutectoid iron–carbon alloy 
Adapted from Fig 10.25 and 10.27, “Material Science and engineering” by W. D. Callister and D. G. Rethwisch 8e. 
 
For the continuous cooling of a steel alloy, a term: ‘critical quenching rate’ is often used, which 
represents the minimum rate of quenching that will produce a totally martensitic structure. This 
critical cooling rate, when included on the continuous transformation diagram, will just miss the nose 
at which the pearlite transformation begins. Just as for complete pearlite structure we must just 
above the line at which pearlite transformation ends. Both of those rates are illustrated on the right 








 Metallographic etching 
 
Since metallurgical features are microscopic in size, they cannot be seen or analyzed without optical 
magnification of at least 50x to 1000x times. With such enlargement it is impossible to get even optical 
focus of the material surface unless it is polished to a very fine mirror-like finish. Unfortunately, under 
a microscope, such a finely polished surface will still be useless and look like a plain white field. To 
allow the viewer to see parts of material  microstructure, chemical solution known as etchants are 
used.  
 
The idea is to expose the metal surface to a strong acid that will accelerate its rate of corrosion. 
Because of different compositions in material structure, rates of corrosion will also be different, 
creating a color contrast where more corroded phases show up as darker regions. 
  
One of the most used acids for steel etching is the nitric acid. Typical solutions are 3% consentration 
of nitric acid in water. The strength of the acid determines the speed of the etching process. The 
etching process is also known as biting, where biting refers to idea of acid biting into the metal surface, 
creating minor pitting. 
 
Etching was originally used by metal-workers in order to decorate metal items such as guns, armor, 
cups and plates. It is known in Europe since the Middle Ages and is popular still. 
 
 
Figure 32, Example of etching art on a metal plate 









 SAE/AISI Carbon Steel 
 
Since the 1930s the American Iron and Steel Institute (AISI) and SAE were both involved in efforts to 
standardize a numbering system for steel grades. For several decades the systems were united into a 
joint system and designated as AISI/SAE steel grades, but since 1995 AISI turned over all future 





1xxx Carbon steels 
2xxx Nickel steels 
3xxx Nickel-chromium steels 
4xxx Molybdenum steels 
5xxx Chromium steels 
6xxx Chromium-vanadium steels 
7xxx Tungsten steels 
8xxx Nickel-chromium-vanadium steels 
9xxx Silicon-manganese steels 
 
Molybdenum steels 
40XX Mo 0.20-0.25% 
44XX Mo 0.40-0.52% 
Chromium-molybdenum steels 
41XX Cr 0.50-0.95%, Mo 0.12-0.30% 
Nickel-chromium-molybdenum steels 
43XX Ni 1.82%, Cr 0.50-0.80%, Mo 0.25% 
47XX Ni 1.05%, Cr 0.45%, Mo 0.20-0.35% 
Nickel-molybdenum steels 
46XX Ni 0.85-1.82%, Mo 0.20-0.25% 
48XX Ni 3.50%, Mo 0.25% 
 
The first digit indicates the type of steel, the second indicates modification of the steel and the third 
tells about carbon concentration in 0,01%.  
 
41xx steel is a family of SAE steel grades that includes elements chromium and molybdenum, and as a 
result, these materials are often informally referred to as chromoly steel (common variant stylings 
include chrome-moly, CrMo, CRMO, CR-MOLY, and similar). They have an excellent strength to weight 
ratio and are considerably stronger and harder than 10xx plain carbon steel, but are not as easily 
welded and in most applications requires preheat and post weld heat treatment to relieve the residual 








5 Research question 
 
The research question consists of two parts. The first part is directly based on the outcome of the 
preliminary project, which is about alternative materials [1] and the second (which is the main part of 
this thesis) is about optimization of welding procedure of AISI 4130 steel.  
 
Part 1 
First, smaller part consists of clarification of whether NACE MR0175/ISO 15156 requirements can be 
lifted for parts of the system and whether Duplex steel could be a better material alternative for mud 
system. Following tasks is thereafter specified: 
 
• Conclude on whether the Sour Service requirements can be lifted for parts of the high-pressure 
mud system.  
• Consider the use of Duplex steel instead of AISI 4130 (low alloyed steel). 
 
Since those tasks demanded a relatively small amount of effort to conclude, they are not central in this 
thesis. To avoid the mixture of subjects and tasks in the main body of this document, they were 






The company has decided to get some insights into the welding procedures and improve the cost and 
quality of WPS1 used for welding of AISI 4130 pipes. WPS is an expansive procedure that includes the 
choice of the welding method, filler metal, input heat, preheat temperature, interpass temperature 
and PWHT2. The main part of this paper is thereby to uncover the theory around the effect of welding 
on low alloyed steel and based on that, suggest the best PWHT practices. 
 
Post weld heat treatment suggestion must be based on sour service requirements covered by NACE 
MR0175/ISO 15156 and in accordance with design standard for high-pressure piping ASME B31.3.  
 
  
                                                          
1 Welding Procedure Specification (WPS) is the formal written document that describes welding procedures, 
which provides direction to the welder or welding operators for making sound and quality welds as per the code 
requirement 
2 Post Weld Heat Treatment heat treatment process that is performed after welding, usually to relieve residual 
stresses in the weld and heat effected material.  




6 Case and materials 
 
This chapter includes relevant information on material data and mandatory requirements that have to 
be considered when specifying a welding procedure for steel pipes that will be exposed to hydrogen 
sulfide medium. 
 
We do not look into the filler metal in this work but the choice of the electrode was made in accordance 
with the strength and composition requirements. Data on filler material is attached, see Attachment 
3 – 48.08 electrode. 
 
 Material AISI 4130 
 
AISI or SAE 4130 grade is a low-alloy steel containing chromium and molybdenum as strengthening 
agents. As it is low-alloy steel, it has relatively good toughness, weldability and machinability, although 
it requires to be heat treated because of the relatively high chromium content. Exaptions for PWHT is 
mentioned in table 331.1.3 of ASME B31.3 [7].  
 
6.1.1 Material Certificate 
 
Engineering company Nymo kindly provided two 150 mm long pipe samples for this work.  
 
 
Figure 33, Raw AISI 4130 pipe samples from Nymo 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
Pipe samples are made of low alloyed carbon steel AISI 4130 with outer diameter 66,33 mm (2 inches) 
and wall thickness 11,07 mm (Schedule: XXS). Material certificate is attached, see Attachment 2 – 
Material Certificate. 
 
Data in the material certificate is entirely in compliance with the Material Data Sheet from MHWirth, 
see chapter 6.1.4. 






Heat treatment specified in the material certificate for our samples is illustrated with the Time-
Temperature diagram in Figure 34. 
 
 
Figure 34, TT diagram for AISI 4130 pipe 
Made by author, License: CC BY-SA 3.0 
 
6.1.2 Heat treatment 
 
As previously described, the heat from welding proces will partly remove the effect of heat treatment 
performed by the manufacturer during production, making the material hard and brittle. PWHT is tend 
to restore mechanical properties to an acceptable level by reliving some of the residual stresses after 
welding, but the temperature should never exceed the temperature at which material was tempered 
during the production phase or the lowest critical temperature, A1. 
 
To specify the heat treatment temperatures for our AISI 4130 steel, 
see the attached material certificate for the sampled material 
(Attachment 2 – Material Certificate), we can use a simulation 
program called Welding Note. The program was developed as an 
aiding tool for welders to clarify welding parameters for the welding 
procedures, see Figure 35. 
 
The temperature parameters in Error! Reference source not found. 
can be clarified with the help of Phase Diagram, see Figure 2. 
Knowing the critical temperatures of AISI 4130, we can specify the 
temperature conditions for different heat treatments of AISI 4130 







Figure 35, Welding parameters for AISI 
4130 
Made by author, License: CC BY-SA 
3.0 






Annealing of 4130 forgings may be carried out by heating the material to a temperature above 828 °C, 
holding for a suitable time then furnace cooling. In this way, the material microstructure will fall in fully 




This process is defined as heating a steel to a temperature above the ferrite to austenite 
transformation temperature A3, then cooling in air. Normalizing serves to refine the grain structure of 
the material that might have cooled not uniformly during the production process. The nominal 
normalizing temperature for 4130 grade is 850 - 880 °C. In practice, if normalizing is to be followed by 
other heat treatment processes, the upper range of normalizing temperatures is used. When 




Tempering is carried out primarily to obtain mechanical properties required for the final application 
and to relieve residual stresses from the hardening process. The actual tempering temperature is often 
chosen using trial and error method. 
Tempering temperature for AISI 4130 steel shall be below 720 °C. 
 
6.1.3 Cooling transformation diagram 
 
Company Timken Steel is one of the leading steel manufacturers. The company has developed 
isothermal and continuous cooling transformation diagrams for SAE 4130 steel. 
 
Figure 36, Isothermal and continuous cooling diagram for SAE 4130 steel 
Copied from TimkenSteel.com. Copyright ©2014 TimkenSteel Corporation  
 
 
Based on Figure 36 and expected cooling rates of low alloyed steel in water and still air, CCT diagram 
of AISI 4130 with cooling curves for water and still air was developed, see Figure 37. 





Figure 37, CCT diagram for cooling rates of AISI 4130 in water and in still air. 
Made by author, License: CC BY-SA 3.0 
 
 
6.1.4 Material Data Sheet  
 
Material Data Sheet (MDS) for AISI 4130 used in high-pressure mud system by MHWirth is X21 for 
pipes and wrought fittings and X24 for forged fittings. Those are attached, see Attachment 1 – Material 
Data Sheet. There are some minor differences between those material data sheets like requirements 
to testing and certification, but there is no different that of concern for welding. 
 
MDS requirements for AISI 4130: 
 
✓ The maximum hardness shall be in accordance with the NACE MR0175 / ISO 15156 standard. 
That is no more than 22 HRC or 250 HV. 
 
✓ Fittings and pipes shall be delivered in the liquid quenched and tempered conditions. The 
tempering temperature shall be a minimum of 650 deg C. 
 
✓ Requirements to chemical composition specify restrictions to Sulphur and Phosphorous 
content of less than 0,025%. 
 
✓ Mechanical properties are specified to a minimum of the following values: 
Minimum yield strength: Reh=>517 MPa ( 75 KSI), Minimum tensile strength: Rm =>690 MPa 
(100 KSI), Minimum elongation: A5 => 17%, Minimum reduction of area: Z => 35% 
 
 




 Mandatory requirements 
 
Following requirements is considered mandatory: 
 
• Technical requirements of ASME B31.3 [7]  
• Welding and inspection of piping, Norsok M601. 
• Requirement for sour service (H2S) piping, NACE MR 0175 /ISO 15156. 
The following chapters list relevant parts of applicable standards. 
6.2.1 ASME B31.3 
 
Preheat 
According to ASME B31.3, chapter 330.1.1, alloy steel with Chromium content between 0,5% and 2% 
(materials with P-No 4), require preheating temperature not less than 120 °C. 
 
 
Table 1, Preheat Temperatures, ASME B31.3 
Copied from ASME B31.3 – 2016, Table 330.1.1. Copyright ASME International 
 
PWHT 
Requirements for post weld heat treatment is given in table 331.1.1. According to which holding 
temperature range is 650 – 705 °C and minimum holding time is set to 1/25 Hour/mm, but not less 
than 15 min.  
 





Table 2, Postweld Heat Treatment, ASME B31.3 
Copied from ASME B31.3 – 2016, Table 331.1.1. Copyright ASME International 
 
Holding time can be further reduced according to table 331.1.2 with up to 55 °C for steels with P-No 
4, but minimum holding time is then sufficiently increases.  
 
 
Table 3, Alternate Postweld Heat Treatment, ASME B31.3 
Copied from ASME B31.3 – 2016, Table 331.1.2. Copyright ASME International 
 
Heating and cooling rate 
Chapter 331.1.4 states that the heating method shall be uniformly applied and may include an 
enclosed furnace, local flame heating, electric resistance, electric induction, or exothermic chemical 
reaction. Above 315°C, the rate of heating and cooling shall not exceed 335°C/h divided by one-half 
the maximum material thickness in inches at the weld, but in no case shall the temperature change 









6.2.2 NACE MR0175 
 
The consequences of sudden failures of metallic components in oil and gas industry is often associated 
with their exposure to H2S-containing production fluids. Understanding of that led to the preparation 
of the first edition of ANSI/NACE MR0175, which was published in 1975 by the National Association of 
Corrosion Engineers, now known as NACE International. NACE MR0175 is covered by ISO 15156 
standard and often refers to as NACE MR0175/ ISO 15156.  
 
ISO version splits the standard into three: 
 
ISO 15156-1: General principles for selection of cracking-resistant materials. 
ISO 15156-2: Cracking-resistant carbon and low alloy steels, and the use of cast irons. 
ISO 15156-3: Cracking-resistant CRAs (corrosion-resistant alloys) and other alloys.  
 
It has been concluded not to consider duplex steels for high-pressure piping in this work, see chapter 
8.2, thus ISO 15156-3 will not be discussed further. 
 
ISO 15156-1 is in a way an introduction part to ISO 15156 series and mainly clarifies terms, 
abbreviations and general principles of material selection for sour service. 
ISO 15156-2 specifies the requirements for testing methods and qualification of low alloy steels. 
 
PWHT 
A minimum PWHT temperature of 620 °C (1 150 °F) shall be used for low alloy steels. 
 
Hardness testing 
Hardness testing for welding procedure qualification shall normally be carried out using the Vickers 
HV 10 or HV 5 method in accordance with ISO 6507-1, or the Rockwell method in accordance with 
ISO 6508-1 using the 15N scale. 
 
Weldments that do not comply with other paragraphs of this subclause shall be post weld heat treated 
after welding. The heat treatment temperature and its duration shall be chosen to ensure that the 
maximum weld zone hardness shall be 250 HV or 22 HRC. 
 
 
Table 4, Acceptable hardness values for carbon-manganese steel, ISO 15156-2 
Copied from ISO 15156-2 – 2015, Table A.1. Copyright International Organization fo r Standardization 







Welding consumables and procedures that produce a deposit containing more than 1 % mass fraction 
nickel are acceptable after successful weld SSC qualification by testing in accordance with Annex B. 
Parent material: 
Carbon and low-alloy steels are acceptable at 22 HRC maximum hardness provided they contain less 
than 1 % mass fraction nickel. 
 
6.2.3 NORSOK M-601 
 
Interpass temperature  
The interpass temperature shall be measured within the joint bevel. The minimum interpass 
temperature shall not be less than the specified preheat temperature. The maximum interpass 
temperature shall not exceed the maximum temperature during qualification or in no case above as 
stated below:  
• 250 °C for carbon steels;  
• 150 °C for stainless steels and nickel base alloys.  
 
6.2.4 ISO 14745 
 
This Technical Report provides recommendations for post-weld heat treatment (PWHT) of steels with 
recommendations for holding temperatures and holding times for different materials and material 
thicknesses. 
 
According to Table 1 from the standard, holding temperature for AISI 4130 should be 620 – 680 °C. 
Holding time is set to 60 min + material thickness in minutes. 
 
 
Figure 38, PWHT parameters for steel. ISO 14745 
Adopted from ISO 14745 – 2015, Table 1. Copyright International Organization for Standardization  




Heating and cooling rate 
In the case of PWHT in furnace, the temperature of the furnace at the time when the 
product or component is placed in or taken out of the furnace should not exceed: 
— 400 °C for simple products or components of uncomplicated shape and t < 60 mm thickness; 
— 300 °C for complex products or components of complicated shape or t ≥ 60 mm thickness. 
 
The rate for heating or cooling of the product or component should not exceed the following: 
— for thickness t ≤ 25 mm: 220 °C/h; 
— for thickness 25 mm < t ≤ 100 mm: (5 500/t) °C/h; 










This chapter describes the sample preparation in chronological order. Followed by a description of 
methods for hardness testing, heat treatment and microscopy. 
 Welding 
 
In order to be able to discuss the effect of mandatory preheating specified by AISI B31.3 standard, two 
welded samples was prepared. Two 150 mm long samples that was received from Nymo was cut into 
four 75 mm long pipes and welded at ambient temperature. One set without preheating and one with 




Pipes groove was prepared with following parameters: 
 
Groove angle: 60°C 
Root gap: 3mm 
Root face: 2mm 
 
 
Figure 39, Butt Weld End Preparation 




Two welded connection was prepared, but in order to be able to document the effect of preheating 
only one welded connection was preheated to a temperature of 120 °C with a flame torch.  
 
 
Figure 40, Preheating with flame torch 
Picture was taken by author. License: CC BY-SA 3.0 





According to the standard, preheat temperature shall be checked by use of 
temperature indicating crayons, thermocouple pyrometers, or other suitable 
means to ensure that the temperature specified in the WPS is obtained prior 
to and maintained during welding. Thus interpass temperature must be above 
preheat temperature. 
 
A digital thermometer was used to ensure that preheat temperature of 120 °C 
was achieved and that interpass temperature does not fall long bellow 250 °C. 
 
7.1.3 SMAW Welding 
 
Welding was performed in accordance with welding procedure for low alloy API 5LX52 steel. See 
Attachment 4 – WPS for API 5L52 pipe. 
 
 
Figure 41, Pictures of welding process. Root and cap welding stages 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
Welding log with heat input data for the weld with 120 °C preheat is attached, see Attachment 5 – 
Heat input data. The other welding sample (the one without preheat) is welded in the same conditions 
and have the same average heat input.  Average heat input is 3,02 kJ/mm. Heat input is higher than 
suggested by the WPS, but it is because carbon equivalent for AISI 4130 steel is higher than the API 5L 
G52 material that the used WPS was originally developed for. For AISI 4130, higher Ampere and voltage 




After welding (and between every string) slag is removed and welded area is polished to remove 
impurities and prepare the surface for next weld string. 
 
 
Figure 42, Polishing of welded sample. 
Pictures were taken by the author. License: CC BY-SA 3.0 






To expose the cross-section of the weld and to prepare sample pieces for hardness testing and 
microscopy, welded pipe samples were cut out using a band saw: 
 
 
Figure 43, Cutting of samples 




Polishing was done in two stages: milling and polishing with waterproof silicon carbide paper. 
 
Milling was necessary to achieve flatness and parallelism of sample surfaces. ISO 6507-31 states that 
maximum deviation in the flatness of the test and support surfaces shall not exceed 0,005 mm. The 
maximum error in parallelism shall not exceed 0,010 mm in 50 mm long samples.  
 
 
Figure 44, Use of milling mahine for surface correction and smoothing 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
 
                                                          
1 ISO 6507-3 standard specifies requirements for preparation of test piece for Vickers hardness testing. 
 




ISO 6507-3 further states that the test surface shall be free from scratches that interfere with the 
measurement of the indentations. The test surface roughness, Ra, shall not exceed 0,05 μm. 
 
That can be archived with the help of extra fine grinding paper. According to Table 5, grinding paper 




Table 5, Grinding paper grid overview 
Copied from SiC paper brochure on mtallographic.com. 
 
 




Figure 45, Grinding machine and polished samples 
Pictures were taken by the author. License: CC BY-SA 3.0 
 






Two types of etching were tried: 3 % Nitric acid (HNO3) and 50% Hydrogen chloride (HCL). Nitric acid 
(also called Nital) gave clear results within 10 seconds. Hydrogen chloride gave less clear results and it 
took approximately 2 minutes. A clear difference between those two methods allowed us to make a 
choice in favor of 3% Nital. 
 
 
Figure 46, Etching with 3% Nital, time from 1 to 6 is 6 seconds. 




Figure 47, Etching with 50% HCl, time from 1 to 6 is 2 minutes. 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
 




The etching was done with 3% Nital for all samples, of which we have eight. Four from welded pipes 
without preheating and four from welded pipe that was preheated with flame torch to 120 °C. 
 
 
Figure 48, Etched samples 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
Note that preheated sample 1.1 stand out from the rest. This sample was etched with Hydrogen 










After etching with nitric acid, the samples was covered with a dark, easily removable layer that is 
formed on the base material when etched with nitric acid. Since the layer is dark-blue and it was only 
observed on the surface of base metal when etched with Nital, it may be Chromium nitrate since filler 
metal had no chromium in it. It is therefore very important that etched samples are gently wiped after 
etching to remove the dark layer that covers the metal surface so that it won’t be confused with the 
microstructure of the sample. The layer is visible on element 2 of Figure 49.  
 
 
Figure 49, Different etching results 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
We can also see some dark spots on the metal surface after etching, the concentration of which is not 
consistent and seems to be effected by etching time. Those are likely to be caused by the pullout of 
inclusions in the steel during grinding and polishing or localized corrosion attacks from etching. Those 
can often be mistaken with the microstructure of the material. 
  






We have prepared 8 samples in total, see Figure 48. Four samples was preheated to 120 °C, those 
samples have suffix *.1.  From now on, when refering to a specific sample we will use sample no. as 




Preheat PWHT Holding time 
° C ° C min. 
1 na na na 
2 na na na 
3 na na na 
4 na na na 
1,1 120 na na 
2,1 120 650 20 
3,1 120 650 120 
4,1 120 705 20 
Table 6, Table of samples 
Sample purpose 
 
Samples 1 to 4 was not preheated. Those will be compared to samples 1,1 to 4,1 to see how preheating 
temperature of 120 °C effect the material hardness.  
 
Preheated sample 1,1 was not heat treated after welding. Microstructure and hardness of this sample 
will be compared with different PWHT temperatures and holding times. 
 
  




 Hardness Testing 
 
Hardness testing was done with hardness testing machine ZHU250CL, from Indentec. Calibration of 
this machine was done 2,5 years ago, which it is less then recommended schedule of 12 month by ISO 
6507-2. However it should be sufficient given that the machine is seldom used and verification of 
overall performance of the testing machine by means of calibrated reference blocks was performed in 




Figure 50, Hardness testing machine 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
 
Hardness survey is performed in accordance with ISO 15156-2. It is carried out using the Vickers HV10 
and impression was made as suggested by figure 2 in the standard, see Figure 51. 
 
 
Figure 51, Butt-weld survey method for Vickers hardness measurement, ISO 15156-2. 
Copied from ISO 15156-2 – 2015, Copyright International Organization for Standardization 
 




 Heat treatment 
 
To achieve even heat distribution and heat/cooling rate of 335 °C/h, as in accordance with ASME B31.3. 
standard, a programmable furnace was used. 
 
Figure 52, Controlled heat treatment in furnace 
Pictures were taken by the author. License: CC BY-SA 3.0 
 
The heating rate was around 250 °C/h, while the cooling rate could not be controlled in this furnace, 
thus uncontrolled cooling in turned off furnace was used. The cooling rate was timed and noted for 
every 50 °C (see Table 7), giving the following treatment diagrams: 
 
 
Figure 53, PWHT diagrams 
Made by author, License: CC BY-SA 3.0 
 





Table 7, Cooling rate in furnace 




The microstructural analysis was prepared with the help of scanning electron microscope (SEM) and 
energy dispersive (X-ray) spectroscopy (EDS) equipment, Jeol JSM-7200F. 
 
 
Figure 54, Picture of Jeol JSM-7200F microscope at University of Agder. 
The JSM-7800F incorporates multiple types of electrode detectors. For this analysis pictures was taken, 
using the backscattered electron detector (BED), and a lower electron detector (LED).  
 
LED  
Lower electron detector is used for topography images that does not tell so much about different 
compositions in material structure.  
 
BED 
Backscattered electron detector detects different elements in material structures telling us more 
about the composition of the sample. It is particularly useful for samples composed of different 
materials like alloy steel. 
 




Backscattered electron gave two types of images: BED-C or BED-S. Bed-C reveals the composition of 
the material under the microscope, while BED-S is a shading mode that combines both topographical and 




Is an analytical technique used for analysis or chemical composition of a sample that can be performed 
with Jeol JSM-7200F. Working principle relies on fundamental principle that each element has a unique 
atomic structure. The energy from electron beam pushes some of objects electrons to a higher orbit 
and when those electrons fall back to its original position, they release X-ray radiation that is unique 
for all elements. That allows for recognition of different elements and generation of different set of 
peaks that allows for calculation of composition relationships in the sample. 
 
8 Secondary tasks 
 
This chapter is entirely devoted to part one of the research question. 
 Split of Services 
 
To clarify whether it is possible or not to avoid NACE MR0175 / ISO 15156 requirements after drilling 
fluid from the well have been treated, we will assume the use of a standard set of equipment in an 
offshore mud treatment system.  
Although the treatment system can be somehow different from installation to installation, the 
following equipment is present on most offshore installations [1]: 
 
• Shale-shaker  
• Degasser  
• Sandtrap 
• Desilter 
• Centrifuge  
• Active Pit 
• Mud-Gas separator (emergency equipment for separation of gas in drilling fluid) 
 
Gasses are continuously removed during every step of the treatment process, but only the degasser is 
specifically designed to remove gas bubbles from the drilling fluid. Since we have no data on the 
degassing effect of other equipment in the treatment system, we will only consider efficiantsy of the 
degasser during normal operation and mud-gas separator + degasser during kick1 situation.  
 
Sour service 
In order for us to suggest whether there are any advantages in splitting the piping specifications in 
two, non-hydrogen and hydrogen-containing service, we must also argue the difference between 
them. As it was earlier discussed in the pre-project, the main reason for existing restrictions of material 
use in hydrogen containing environment in oil and gas production is the danger of material cracking 
                                                          
1 Kick is a situation of sudden rise of well pressure because of penetration of high pressure zones of formation or 
gas pockets. Se preliminary work for this thesis for more information 




that is provoked by hydrogen contamination and its propagation in the material lattice. Thereby the 
main difference would be the pollution of drilling fluid with hydrogen sulfide. 
 
Not all hydrogen-containing services can trigger the requirements, it is dependent on the 
concentration of hydrogen and operational pressure. In the case with drilling fluid, it is NACE 
MR0175/ISO 15156 document that regulates those requirements. In accordance with the standard, no 
precautions are required for the selection of steels when the partial pressure of H2S is smaller than 0,3 
kPa (0,05 psi). So the introduction of alternative non-sour service specification is only relevant in the 
parts of the system where the partial pressure of hydrogen sulfide is lower than 0,05 psi. 
 
8.1.1 Partial pressure 
 
Determination of H2S partial pressure is done using the following formula: 
 




p is the system total absolute pressure, expressed in megapascals 
XH2S is the mole fraction of H2S in the gas, expressed as a percentage. 
 
From this formula, we can see that NACE requirements can be triggered by increased operational 
pressure and/or increased concentration of H2S.  
Using this formula, a range of H2S concentration values in units of ppm1 was generated for pressure 
class ranges from 150 psi to 15000 psi, see Figure 55. 
 
 
Figure 55, H2S partial pressure = 0,3 KPa (0,05 psi) 
Made by author, License: CC BY-SA 3.0 
 
Based on data from Figure 55, it can be concluded that low-pressure mud (150 psi) system must have 
H2S values below 290 ppm, while for high-pressure mud (10.000 psi) the hydrogen sulfide 
concentration must be below 4,3 ppm. 
 
                                                          
1 ppm stand for “part per million by volume”. This value corresponding to percent volume fraction times 104. 




To give us some perspectives the Hydrogen sulfide has an immediately danger to life and health at 
concentration of 100 ppm, while at concentration over 1,000 ppm (0,1 % per volume gas) it causes 
nearly instant death. ACGIH1 recommends a threshold limit value of 1 ppm as an 8-hour time weighted 
average and a short-term exposure limit of 4,3 ppm. It is also mandatory with monitoring equipment 
of H2S concentration in air at drilling sites to make sure that workers are not exposed to health 
threating amounts of this substance. 
8.1.2 Process values of H2S 
 
Drilling fluid may be contaminated with various amounts of hydrogen sulfide gas that may vary from a 
few parts per million (ppm) to over 10,000 ppm. Very high ppm may be an indication of gas pockets in 
the well and will at certain point lead to a kick2 situation that will send the fluid to Mud Gas separator 
equipment to remove the gas and lower the pressure. Therefore degassers do not experience high 
contaminations of H2S, but contaminations of 100 ppm are very common, and 500 ppm can occur.  
 
In order for us to make the considerations of dropping the NACE requirements, we must argue the 
level of degassing in the mud treatment system. As it is said in the previous chapter, the concentration 
must be reduced to 4,3 ppm for 10.000 psi system and bellow 290 ppm for 150 psi. 
 
The efficiency rate of single vacuum degasser is usually between 95% and 99,9%. Since only the 
minimum efficiency rate can be guaranteed by the producer, it can be concluded that degasser alone 
would not be sufficient to guaranty amount of H2S bellow 4,3 ppm.  
 
We could consider the possibility of connecting two degassers in series to increase the total efficiency, 
but according to a degasser supplier AIPU Solids Control (referring to a mail conversation), the 
efficiency of equipment is affected not so much by the quantity of gas but by it appearance. A lot of 
gas bubbles with a diameter smaller than 3mm are covered by drilling fluid and is hard to break 
out. Therefore connecting vacuum degassers in series would give little effect and does not seems like 
a good solution.   
 
8.1.3 Conclusion on service split 
 
Sour Service requirements are in most cases unneccesery precoution since: 
 
• Hydrogen sulfide content would usually be below 100 ppm in the mud and efficiency of 
degasser is generally higher than 95%, leading to H2S contamination below 4,3 ppm.  
• Gasses are removed from the drilling fluid at many steps during treatment, see Figure 56: 
Shale-shaker → Vacuum Degasser →Centrifuge → Active Pit. Making it pretty safe to assume 
that H2S concentration will be reduced to below 4,3 ppm by the time they reach mud pump. 
 
Still, there are no specific requirements to the treatment system or mandatory practice like 
passements after treatment that can guaranty H2S concentration bellow 4.3 ppm.  
 
                                                          
1 ACGIH - Association Advancing Occupational and Environmental Health 
2 Kick is a situation of sudden rise of well pressure because of penetration of high pressure zones of formation or 
gas pockets. Se preliminary work for this thesis for more information 





Figure 56, Treatment of drilling fluid 
CC-BY-SA-4.0 Author: Sissel Paaske: Adopted from https://ndla.no 
 
On that account, we would have to conclude that today's practice does not allow for safe removal of 
NACE MR0175/ISO 15156 requirements from any parts of high-pressure drilling fluid system.  
In low-pressure mud, on the other hand, the concentration of H2S will with most certainty not exceed 
300 ppm. Thus the NACE MR0175/ISO 15156 requirements can be ignored for the low-pressure mud 
systems. 
 
The Figure 57 illustrates different parts of drilling fluid system and as it was concluded above, only low 
pressured treated mud (150 psi) is out of danger for hydrogen-caused cracking. Unfortunately, the rest 
of the system could not be guaranteed H2S contamination that is low enough (see ppm values in Figure 




Figure 57, Simplified Mud system map. 
Made by author, License: CC BY-SA 3.0 
 
Thereby NACE requirements of 250 Vickers must apply to all high-pressure lines (both 10.000 and 
15.000 psi). 




 Duplex steel 
 
As it was discussed in pre-project, the duplex steel would be a good alternative to AISI 4130 as it does 
not have to include corrosion tolerances, which partly compensates for lower mechanical properties. 
It would also be economically beneficial as it does not require costly surface treatment which is 
mandatory for carbon steels.  
 
There are many types of duplex steel available, usually divided into two groups: duplex and super 
duplex steels. Without going into details we can choose one common type from each group to 
consider. Standard duplex alloy would be super duplex UNS S32760 and duplex UNS 31803 (main 
difference in chromium content, 27% in super duplex and 22% in duplex steel). 
 
8.2.1 Weight reduction 
 
To see if we can get some weight reduction by choosing duplex steel over AISI 4130 we will have to 
perform wall thickness calculations in accordance with ASME B313, as it was described in chapter 9.2.1 
and Attachment 5 of pre-project. Since the calculation method is well described in the pre-project it is 
not included in this work. Results from the calculation are further listed in the table and plotted on the 
graph, see Figure 58. 
 
 
Figure 58, Wall Thickness comparison (UNS 31803, UNS S32760 and AISI 4130) 
Made by author, License: CC BY-SA 3.0 
 




From the graph, it can be seen that the wall thicknesses of super duplex steel is reduced with 
approximately 20% on average. That would be great, but we still have to round it up to the nearest 
standard wall thickness (schedule) and as it is illustrated all three candidates fall in between Sch 80 
and Sch 160, thus either way schedule 160 must be used in all three cases. 
 
 
8.2.2 Conclusion on duplex steel 
 
By using Duplex steel we will avoid expansive surface treatment, but the spending on the painting of 
pipe cannot be considered to be higher than its double price (although it can be argued that it may be 
dependent on the region and the price of working an hour). Therefore, with no weight reduction, 
double pricing and more demanding welding procedures (those are not discussed in this work) duplex 
steel do not appear to be an economically correct choice for that purpose. 
 
  






This chapter includes following: 
 
• Description on expected microstructure and comparison to electrode microscope photos.  
• Comparison of harness measurement data for preheated and not preheated samples. 
• Comparison of harness measurement data for different PWHT conditions. 
• EDS analysis 
 Microstructure 
 
Water is the most effective quenching medium (of those that is commercially used) and cools steel 
with a cooling rate above critical, thereby leading to fully martensitic structure. Carbon cannot diffuse 
out of martensite at room temperature, thus making the steel hard and brittle. Tempering process 
allows for carbon to diffuse out of martensite by participating out as carbide, see step 2 in Figure 59. 
Since tempering temperature is above the lowest critical temperature, the formation of austenite at 
the grain boundaries will take place, see step 3. Cooling of tempering steel in still air leads to a relatively 
quick cooling rate and will miss pearlite formation, see Figure 37. Austenite will be transformed into 




Figure 59, Microstructure of AISI 4130 at different heat treatment steps 
Made by author, License: CC BY-SA 3.0.  See attachment 7 for a high-resolution image. 
 
It should be mentioned that the illustration does not include retained austenite after quenching and 
its decomposition during tempering. That is because the amount of austenite is highly dependent on 
the temperature to which the steel was quenched. Whatever amounts of austenite were present after 
quenching it have decomposed into lower bainite. 
 
It is hard to make out the grain boundary lines of quenched 
steel because of the martensite needles that blend inn and 
defuses the boundaries. When martensite is tempered, the 
needles defuses out into flakes of carbides, making the 
structure even more confusing.  
 




In addition to tempered martensite, we have carbides. Mostly 
it is cementite (Fe3C), but iron is not the only carbide former in 
AISI 4130 alloy. Chromium, molybdenum and manganese are 
carbides formers and can also be participating out as carbide. 
Because of tempering temperature above A1, bainite and 
ferrite will also be present at grain boundaries, making those 
boundaries almost impossible to spot on the microscope 
photos, see Figure 61 and Figure 62. 
 
 
We were also able to spot some transition carbides such as 
Fe2C or Fe2.4C, called respectively η (eta) or ε (epsilon) 
carbides. Those are very small particles, ranging in size 1-5 
nm and requires very high-resolution images to be spotted. 
x100.000 enlargement of the base material of sample 3, 
reviled some small circular flakes of transition carbides that 
will continue to grow if the temperature is kept high enough 
and eventually they will be replaced by cementite.  
 
Microscopy of AISI 4130 at x2500 enlargement, see Figure 
61, reveals parts of microstructure that were previously 
described and drawn under step 4 of microstructure 
illustration in Figure 59. It shows both topographical and 
compositional information, while Figure 62 is a pure 
compositional image generated by the backscatter electron 
detector. The pictures were taken from the base material of 
sample 1.1, that was not heat treated after welding. 
 
 
Figure 61, Microscopy of AISI 4130 steel. Sample 1.1, base material, x2500. 
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
Figure 60, Transition carbides. Sample 1.1, base 
material, x100.000. 
Pictures was taken with SEM microscope. License: CC 
BY-SA 3.0 
 





Figure 62, Microscopy of AISI 4130 steel. Sample 1.1, base material, x5500.  
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
Figure 63 reveals bainite in heat affected zone of 4.1 sample.  
 
 
Figure 63, Tempered bainite, at x1200 enlargement. Sample 4.1, HAZ, x5500 
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
 Preheat  
 
The minimum required preheat temperature of 120 °C was used to preheat the material prior to 
welding, see Figure 40. 
 
One of the arguably most important reasons for the preheat is to lower the cooling rate, producing 
more ductile and less hard structure in heat affected zone. Thereby hardness measurements can be a 
good indication on whether there is any positive effect from the preheating. 
 
Table of hardness measurements that was prepared in accordance with ISO 15156-2 is attached, see 
Attachment 6 – Hardness measurements. Average data from all measurements were used to generate 
graphical representation in Figure 64. 
 





Figure 64, Hardness measurements with and without preheating to 120°C. 
Made by author, License: CC BY-SA 3.0 
 
Based on these results it is quite clear that preheat of 120 °C does not have any visible effect on 
hardness and toughness of the material. However, for confirmation on that assertion, Charpy testing 




Three different PWHT conditions were used, see Table 6. The result from hardness measurement of 
those samples is attached, see part 2 of Attachment 6 – Hardness measurements.  
 
Hardness measurements revile extensive loss of hardness in heat affected zone, to a value below the 
one that is specified in the material certificate.  There is also some indication of a slight hardness 
reduction in the base material. 
 
 
Figure 65, Hardness measurements of HAZ. 
Pictures was taken with x10 microscope on hardness testing machine. License: CC BY-SA 3.0 




Microscope picture of hardness indentation point reveals clear changes in HAZ with an increase of post 
weld heat exposer, see Figure 65.  As the microstructure of base material seems to be unaffected by 
the increase of heat treatment holding time or temperature, the HAZ seems to be losing a lot of 
hardness and become visually courses as temperature exposure increases. 
 
Extensive loss of hardness at high tempering temperature, even for a shortest possible holding time is 






Made by author, License: CC BY-SA 3.0 
 
The HAZ of the weld is indicated by the picks in the blue line chart, which indicates residual stresses in 
the heat affected zone. The orange line chart represents hardness distribution across the welded 
material from which we can clearly see the effect of PWHT on residual stresses after welding. It is clear 
from hardness results that it was reduced far below the certificate values and thereby, the material 
can be regarded as overtreated. 
 
9.3.1 Tempered martensite 
 
In order to understand the mechanism of visual changes of HAZ that is visible in Figure 65 and to 
understand the extensive loss of hardness, several pictures of samples with different PWHT 
temperatures was taken with SEM microscope, see Figure 67. 
 
 
Figure 66, Results from hardness testing after PWHT at 705 °C. 





Figure 67, Effect of PWHT on martensite in HAZ 
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
It is quite clear that martensite has lost its tetragonality in HAZ already before PWHT, which can be 
explained by the tempering effect that welding has on itself. Post weld heat treatment at 650 °C for 20 
minutes have allowed for further carbon diffusion and participation of carbides, thus we can see more 
white particles and less needle-like structure. The sample that was heat treated at temperature of 705 
°C (maximum allowed PWHT temperature for this steel according to ASME B31.3) have clearly 
experienced high carbide coarsening because of high diffusion of carbon and gathering of carbides 
along grain boundaries. That explains the growing amount of white flakes under x10 microscope in 
Figure 65. 
 
SEM pictures in Figure 68 reveals the growth of carbide particles in the base material, as the PWHT 
temperature increases (see also Attachment 9 – Microscopy, where PWHT at 650 °C for 120 minutes 
is also included). 
 





Figure 68, Participation of carbides in base material of AISI 4130. 
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
  




 EDS analysis 
 
EDS analysis was used to determine the composition of the chemical elements and estimate their 
proportion in the steel. The accuracy of this analysis of sample composition is affected by various 
factors 
• Elements can have overlapping X-ray emission peaks.  
Solved by forcing out elements that are not ecspected in this steel. 
• Chemistry of the etchant. 
Solved by preparing sample with not etching. 
• Contaminated sample. 
Sample was handeled with glows and EDS analysis was done shortly after polishing of the 
sample. 
Multiple other sources of accuracy issue can be affecting our results, which should be at some extand 
coverd by the error factor in Table 8. 
 
 
Figure 69, EDS spectrum of AISI 4130 
Prepared with Energy Dispersive X-Ray Spectroscopy. License: CC BY-SA 3.0 
 
 
Table 8, EDS results 
The results from EDS spectroscopy reveals relatively accurate results for all composition elements of 
AISI 4130 steel sample except for carbon. Carbon content is show to be very high even if we acount 
for the expected error of 24 %, the content is still three times over the certificate value. 
 
  





Another sign of high carbon content in this steel is graphite flakes that seem to be present in a high 
amount at steel surface.  
 
 
Figure 70, Graphite flakes in AISI 4130 
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
 
The explanation of high carbon content in EDS result could be contamination of the internal walls of 
the vacuum chamber with carbon, especially if it was used to inspect organic material earlier. 
Inaccurate EDS data of carbon content is a common problem, thus the carbon can often be 
disregarded.  
 
Another explanation could be the material of windows used in the EDS detector, that has an absorption 
edge very close to the C X-ray energy, resulting in artificial carbon (C) peak [8]. 
 
Graphite, however, is not something we expect to see in law alloyed steel. To explain these 
phenomena, further investigation is required, that will not be a part of this work. 
 
  






In this chapter, we will discuss the following: 
 
• The microstructure, based on hardness measurements and microscopy. 
• Tempering effect on the hardness and microstructure 
• Hardness difference of bainite and martensite 
• Required holding time for PWHT temperature 
 Hardness testing 
 
Base material  
 
When heat treating welded steel below its original tempering temperature, no changes in the base 
material should be expected. Thus the heat treatment should only effect and release stresses from 
the weld and heat affected zone. Since during the production stage the tempering temperature was 
held for a very short amount of time, it seems to allow for further decomposition of martensite at 
lower temperatures with longer holding time that leads to further martensite tempering in the base 




HAZ consists of different regions that are dependent on heat input from the welding process,  see 
chapter 4.6. For simplicity, we can divide those regions into two: tempering region (below critical 
temperature) and the region of austenitization (above critical temperature).  
 
Tempered regions will experience tempering of the original structure and as long as the temperature 
is below the lowest critical temperature and the original tempering temperature, no significant 
changes in the material structure should be possible since the holding time of temperature spices 
caused by welding is relatively low.  
Austenized region will experience recrystallization and possibly some grain grows. The extend of grain 
grows is dependent on the heat input. The closer to the fusion line the faster will be the grain grows.  
 
Deviation of hardness 
 
According to ISO 15156, Individual HRC (Rockwell hardness) readings exceeding the value permitted 
by this part of ISO 15156 may be considered acceptable if the average of several readings taken within 
close proximity does not exceed the value permitted by this part of ISO 15156 and no individual reading 
is greater than 2 HRC above the specified value. Equivalent requirements shall apply to other methods 
of hardness measurement. 
 
2 HRC corresponds to approximately 14 HV in Vickers scale. Those the acceptable deviations from the 
250 HV allowing for single spices of hardness to 264 HV, as long as the average values does not exceeds 
permitted limits of ISO 15156. That makes small deviations in hardness of sample 3.1 (PWHT at 650 








 Tempering temperature 
 
Tempering is a process in which the microstructure approaches equilibrium under the influence of 
thermal activation, thereby tempering of microstructure that is in equilibrium will have limited effect 
in contrast to not equilibrium phases like martensite. Since the tendency to temper depends on how 
far the starting microstructure deviates from equilibrium, the carbon concentration is a decisive factor 
for the tempering temperature. The higher the carbon concentration the harder and less stable will be 
the martensite formations in the steel, allowing for carbide participation at lower temperatures. 
 
Tempering during manufacturing 
Since the base material was heat treated just above critical temperature for a short amount of time, 
new grains of austenite was formed, but they did not have time for grain growth. That leads to a 
material with longer grain boundaries that can counteract dislocations movements better. See 
Attachment 7 – Illustrations.  
This tempering effect should be present on parts of the heat affected zone that was heated to above 
critical temperature, A1. 
 
Quenching effect 
Parts of the HAZ expiriance more martensite formation than others, see  Figure 71. 
 
 
Figure 71, Martensite formations in HAZ of sample 3 
Pictures were taken with SEM microscope. License: CC BY-SA 3.0 
 
Those martensite islands could be explained by spices of higher heat input from the welding followed 
by the high cooling rate. Those regions would give the highest hardness in HAZ. 
 
 Bainite vs martensite 
 
The hardness of bainite and martensite is directly dependent on carbon content. Although martensite 
has a higher maximum hardness for a given carbon content, martensite can be tempered to the same 
hardness as bainite. Lower bainite and tempered martensite can thereby end up with same hardness 
values [9]:  
 





Figure 72, Carbon content vs hardness of martensite and bainite 
Adopted from https://knifesteelnerds.com. Article: Bainite vs Martensite – The Secret to Ultimate Toughness. 
 
Thus it is fair to assume that in the case with low alloy steel that was tempered above its lower critical 
temperature, the martensite will experience extensive tempering during heating and tempering stage. 
While bainite will start forming from new grains during cooling after tempering, thus martensite will 
be heavily tempered by the time when lower bainite will form. Thereby martensite could end up with 
hardness that is relatively close to the hardness of newly formed lower bainite. 
 
Since bainite is less brittle and has higher impact toughness then martensite, lower bainite should be 
preferred structure. Especially if the same strength can be achieved.   
 
 Holding time 
 
Holding time of 120 minutes gave good results for 11mm thick pipe, but it is more practical to qualify 
one temperature for a range of pipe thicknesses. The range of pipe thicknesses in piping specifications 
for high-pressure mud system is 11-22mm, see Attachment 10 – Piping specification.  To convert 
holding time of 120 minutes for 11 mm to time that is required for 22 mm thickness, we use ASME 
B31.3 requirements of 1 hour holding time per 25mm. That gives us 26,4 minutes that we should add 
for those extra 11mm  ((60min/25mm)*(22mm-11mm)=26,4mm). Thereby optimal holding time for 
pies with thickness range 11-22mm should be 150 minutes.  
 
It should be noted that in the preliminary part for this thesis, it was decided to reduce the wall 
thickness from Schedule XXS to Schedule 160 for the next revision of 10.000 psi piping specification 
[1]. That will reduce wall thickness range from 9 -18 mm. However, we choose to qualify this work for 
SCH XXS, that will not add many minutes to holding time of PWHT, but will qualify for both XXS and 
160 schedule pipe.   






Choice of PWHT temperature is highly effected by heat treatments that is applied during the 
production process. When the tempering temperature was above lower critical temperature A1, it 
could have led to some amount of recrystallization (austenization). Those new grains will take the form 
of lower bainite with hardness values close to values of tempered martensite, giving us finer grain 
structure with the same hardness, thus making the material harder and stronger. 
 
Based on that mechanism we want to keep the hardness of bainite as high as possible after post weld 
heat treatment in order to keep the intended properties of the material. Thereby we must choose the 
lowest possible temperature and holding time. Heat treatment at 650 °C with holding time of 120 
minutes gave us a good result. Although a couple of indentation points was very close to and at one 
point slightly above the critical value of 250 HV specified by NACE / ISO 15156, still, the average value 
of HAZ was 233 HV. 
 
By increasing the temperature to 705 °C we are risking the extensive loss of hardening by two 
mechanisms: 
 
HAZ < A1 
Heat affected zone that was not brought to temperatures above critical did not change its material 
structure during welding, thus it still partly consists of bainite that may experience extensive tempering 
and weaken the material.  
 
HAZ > A1 
Recrystallized part of HAZ will have coarser grains than the rest of the material. Those will mainly 
consist of martensite if the preheat temperature was not brought high enough to allow for slower 
cooling rate. If this type of structure, with coarser grains and martensitic structure heated up to much 
it may lose its hardness to values below acceptable, making the HAZ to a weak spot.  
 
Thereby everything suggests that we keep PWHT temperature as low as possible, which in our case is 
650 °C. The holding time of 120 min is shown to be sufficient for our 11 mm thick pipe and should not 
be increased to unnecessary high values that will do more harm than good, but to qualify the whole 
range of pipe thicknesses (11-22mm) holding time of 150 minutes is chosen.  
 
That concludes the main task with that following PWHT parameters should be used for removal of 
residual stresses and bringing the average hardness values below 250 HV: 
 
PWHT temperature:   650 °C 
PWHT holding time:   150 min. 
 
 
This conclusion applies for material that was preheated to 120 °C, which is the minimum required 
temperature by ASME B31.3. Although the effect of this preheating temperature could not be detected 
either by hardness measurements or microscopy. For higher preheat temperatures  (see next chapter) 









12 Suggestions and afterthoughts 
 
Heat input 
Heat input from the welding is an essential factor in the quality of the weld, it governs the cooling rate 
in welds and thereby affects the microstructure of the heat-affected zone.  
 
It is also important to use as low heat input as possible to avoid unnecessary recrystallization and 
tempering of the base material. By reducing the heat input we will reduce the formation of martensite 
island in HAZ and will avoid extensive tempering of bainite. Tempering of bainite will have a negative 
effect on material properties by reducing its strength, while the formation of martensite will reduce 
its toughness.  
 
Heat input can be reduced by choosing a 
welding procedure that allows for high arc 
travel speed or by lowering welding current 
and arc voltage.  
 
Preheat and interpass temperature 
Preheating temperature is also of high 
importance. Low preheating can result in 
high cooling rates and formation of 
martensite, while too high preheat 
temperature in combination with heat input 
from the weld can cause extensive grain 
growth and thereby deterioration of 
mechanical properties for carbon steel. It 
should therefore not be held to height 
either. 
 
The preheat temperature should ideally be 
held throughout the whole welding process, 
thus interpass temperature should be the 
same as preheat temperature. Maximum 
allowed interpass temperature by Norsok M-601 is 250 °C for carbon steel, thus this is the temperature 
that should be used for preheating. Heat input should then be reduced accordingly.  
 
The low cooling rate of recrystallized part of HAZ will also lead to the formation of bainite instead of 






Certain steps should be followed during the etching process to avoid impurities in the material that 
can be confused with material structure. Based on the experience of this work, it is suggested to use 
2-3% Nitric acid. Etch for 5-10 seconds and wipe the surface clean of dark coating from etchant with a 
piece of non-organic cloth that leaves no lint or dust (microfiber wipes should be a good choice). 
 
Figure 73, The effect of heat input on cooling rates in welds as a 
function of preheating temperatures 
Copied from 
https://www.kobelco.co.jp/english/welding/files/kwt2000-04.pdf. 
Article: KOBELCO Welding today. 
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 Attachment 3 – 48.08 electrode 
 
 












 Attachment 5 – Heat input data 
Heat input data for weld with 120 ° preheat. 
 
 




 Attachment 6 – Hardness measurements 
 
Part 1 





Graphical representation of preheating to 120 °C.  






















 Attachment 7 – Illustrations 
 
Illustration 1  








 Attachment 7 – Hardness measurements 
 
Hardness measurements at impression point number 2, see ISO 15156-2 
 
 




 Attachment 9 – Microscopy 
 
Picture 1.  
Formation of carbides in base material of welded AISI 4130 joint 
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